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The human longitudinal arch has long been considered to be an important 
adaptation for proper foot function and efficient locomotion. The anatomy and evolution 
of the arch has been a topic of discussion in biological anthropology for nearly a century, 
as its appearance presumably marked an important shift in human evolution towards use 
of a gait that was biomechanically-similar to that of modern humans. However, recent 
studies have challenged the paradigm that has historically characterized human feet as stiff 
and having an arch, in contrast to the highly-mobile feet of non-human primates, which 
lack an arch. Increasingly, studies report that humans exhibit variation in arch height, 
including flat-footedness, as well as variation in midfoot mobility. These findings have 
important implications for how paleoanthropologists interpret fossil foot bones that exhibit 
“human-like” morphology. This dissertation uses a novel, yet straightforward approach to 
look for direct links among foot bone morphology, arch height, and pedal loading 
mechanics. Rather than comparing human foot bone morphology to that of apes (like 
previous studies), this dissertation examines how foot bone shape varies within humans, 
and seeks to determine whether that variation is directly related to differences in arch height 
between individuals. This dissertation also investigates how variation in foot shape is 
 ix 
related to variation in midfoot loading. Using data collected from X-rays, magnetic 
resonance imagery, and human osteological remains, the chapters of this dissertation 
discuss whether variation in the morphology of the distal tibia, calcaneus, and metatarsals 
is related to variation in arch height. Here, it is argued that features of the distal tibia and 
metatarsals previously used to infer arch presence in fossil hominins cannot be used to 
draw such conclusions. A feature of the calcaneus does correlate with variation in arch 
height, however, and may be useful for reconstructing arch height. Finally, humans who 
have a low longitudinal arch and a relatively wide foot were found to experience greater 
loading of the midfoot, irrespective of age. Given that early hominins are estimated to have 
had relatively broad feet, these results suggest that early hominins may have experienced 
greater midfoot loading than modern humans. 
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Chapter 1:  Introduction 
The human foot exhibits a series of unique adaptations that are functionally linked 
to our distinct form of bipedal locomotion. One of these adaptations is the plantar 
longitudinal arch. The longitudinal arch has long been considered to be a crucial structural 
adaptation of the foot that transforms it into a rigid lever to facilitate and optimize bipedal 
walking mechanics (Morton, 1924). The anatomy and evolution of the longitudinal arch 
has been a focus of discussion in biological anthropology for nearly a century, as the 
appearance of this structure presumably marked an important shift in human evolution 
towards use of a bipedal gait that was biomechanically similar to that of modern humans 
(Morton, 1922; Weidenreich, 1923; Morton, 1924; Keith, 1929). However, questions about 
the development, anatomical variation, functional morphology, and evolutionary history of 
the longitudinal arch remain unresolved. To understand the biological, behavioral, and/or 
environmental context that shaped the emergence of this unique human adaptation, 
biological anthropologists must first be able to confidently reconstruct the height of the 
longitudinal arch from fossilized pedal remains.   
The goal of this dissertation research is to improve methods for assessing whether 
a longitudinal arch was present (and/or estimating arch height) from isolated fossil foot 
bones by strengthening our understanding of how variation in foot bone shape is related to 
variation in arch height among modern humans. In past studies, the morphology of the 
distal tibia (DeSilva & Throckmorton, 2010), talus (Day & Wood, 1968), calcaneus 
(Berillon, 2003; Lamy, 1986; Prang, 2015), and fourth metatarsal (Berillon, 2003; Ward et 
al., 2011)—or some combination thereof—have been examined to determine whether a 
longitudinal arch was present in a fossil hominin individual. In these studies, the 
longitudinal arch is treated as a categorical variable that is either present or absent. This 
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approach is problematic, however, given that ethnographic and clinical studies have shown 
that humans exhibit a wide range of variation in longitudinal arch height, including flat-
footedness (e.g., Hoffmann, 1905; Staheli et al., 1987; Cavanagh et al., 1997; Morag & 
Cavanagh, 1999; Wunderlich & Cavanagh, 2001; D’Août et al., 2009). Therefore, it cannot 
be assumed that the presence of so-called “human-like” morphology indicates that a 
longitudinal arch was present. Moreover, by treating the longitudinal arch as a categorical 
variable, as opposed to a continuous one that varies in height, previous studies have likely 
overlooked more nuanced relationships between foot bone shape and arch height that could 
inform reconstructions of hominin foot anatomy and locomotor biomechanics. 
The study presented here abandons the longitudinal arch presence-versus-absence 
framework, and instead uses a novel, yet straightforward approach to look for direct links 
among foot bone morphology, longitudinal arch height, and pedal loading mechanics. 
Rather than comparing human foot bone morphology to that of apes (as previous studies 
have done), this study examines how foot bone shape varies within humans, and seeks to 
determine whether that variation is related to differences in arch height between 
individuals. In addition to exploring this trend among adults who vary in arch height, this 
study includes an ontogenetic component to examine how select foot bones change shape 
in early childhood during the period of longitudinal arch development. Finally, this study 
tests how variation in longitudinal arch height and foot shape is related to variation in 
midfoot loading patterns. Where applicable, the results of these analyses are applied to the 
fossil record to discuss the probable height of the longitudinal arch and bipedal walking 
mechanics of our hominin ancestors. 
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ANATOMY, FUNCTION AND HUMAN VARIATION OF THE LONGITUDINAL ARCH 
The Arch as a Mechanical Structure  
In architectural terms, an arch is a curved structure that spans a space and it may, 
or may not, support weight above it. The function of an arch is to mitigate bending stress 
experienced by the material that spans the space. Bending stress occurs when a material 
experiences a load perpendicular to its longitudinal axis, which could be the weight of the 
material itself and/or an external load that the material is supporting. Bending stress is 
comprised of both compressive stress (compression), experienced above or on the 
unsupported side of the material, and tensile stress (tension), experienced below or on the 
supported side of the material. An arch acts to resolve forces experienced by the material 
into compressive stresses, thereby eliminating tension (Figure 1.1). Many materials used 
in building construction are better able to resist compression than tension, deeming the arch 
to be a useful architectural solution for spanning gaps (e.g., bridges) and/or supporting 
weight from above (Reid, 1984; Tripeny & Ambrose, 2012). Forces are transferred down 
the supports of the arch to its base and are directed outward as a force known as thrust. 
Thrust must be restrained by internal ties and/or external bracing to maintain the integrity 
of the arch and prevent it from collapsing (Tripeny & Ambrose, 2012). 
 
The Longitudinal Arch of the Human Foot 
Bones of the Longitudinal Arch 
The longitudinal arch of the human foot is a structural adaptation that acts to 
distribute the body’s weight across the foot while simultaneously minimizing stress 
experienced by the bony elements that form it (Morton, 1924). Like many structural 
materials, bone is stronger in its ability to resist compressive stress than tensile stress 
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(Reilly & Burstein, 1975). Therefore, the presence of a bony arch is an architectural 
solution to the functional challenge of supporting a large mass over a relatively small base 
of support, such as the human foot. The bones that form the longitudinal arch include the 
talus, calcaneus, navicular, cuboid, three cuneiform bones, and five metatarsals. The talus 
is positioned at the apex of the arch, and is the bony element that receives the body’s weight 
from above and transfers it down the arch’s pillars. The calcaneus is positioned as the 
posterior pillar of the arch, and is the bone primarily responsible for transferring the body’s 
weight to the ground during standing (Morton, 1924). The anterior pillar of the arch is 
commonly divided into medial and lateral columns. The medial column is formed by the 
navicular, three cuneiform bones, and medial three metatarsals, while the lateral column is 
formed by the cuboid and lateral two metatarsals (Figure 1.2). The medial aspect of the 
longitudinal arch is elevated higher than the lateral aspect of the arch. 
 
Passive and Dynamic Support of the Longitudinal Arch 
The architectural integrity of the bony longitudinal arch is supported passively by 
ligaments on the plantar surface of the foot, including the long and short plantar ligaments, 
the calcaneonavicular (“spring”) ligament, and the plantar aponeurosis (Donatelli, 1985; 
Franco, 1987). These ligaments act as the internal ties that maintain the integrity of the 
bony arch by resisting the thrust forces directed at the calcaneal base and metatarsal heads 
when the arch deforms in response to loading. As the arch deforms during stance, these 
ligaments become stretched and store elastic strain energy that is returned to the foot as it 
enters swing phase and the ligaments recoil, reducing locomotor cost (Alexander et al., 
1987; Stearne et al., 2016). The energy cost-saving mechanism of the arch is negligible in 
walking, but increases with speed during running (Stearne et al., 2016). 
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The integrity of the longitudinal arch receives dynamic muscular support from the 
intrinsic muscles of the foot and muscles of the posterior leg that have a distal tendinous 
attachment on the plantar aspect of foot bones. Like the ligaments that support the arch, 
the abductor hallucis, flexor digitorum brevis, and quadratus plantae stretch in response to 
arch deformation during stance and then actively contract, offering additional support 
beneath the arch (Basmajian and Bentzon, 1954; Fiolkowski et al., 2003; Pataky et al., 
2008; Bates et al., 2013; Caravaggi et al., 2010; Kelly et al., 2014). During the push-off, 
propulsive phase of the gait cycle, contraction of the tibialis posterior muscle, which has 
distal attachments on the navicular tuberosity, medial cuneiform, and proximal metatarsals, 
acts to maintain the height of the arch (Edwards et al., 2008; Hankey, 2009). Dysfunction 
of tibialis posterior has been associated with adult acquired flatfoot disorder, highlighting 
the importance of its role in arch maintenance (Edwards et al., 2008; Hankey, 2009). Other 
leg muscles whose action contributes to arch maintenance during walking include tibialis 
anterior and flexor digitorum longus (Reeser et al., 1983; Donatelli, 1985). 
 
The “Windlass Mechanism”  
During the propulsive phase of the locomotor cycle, the compliant arch is 
transformed into a rigid lever to propel the body’s mass over the forefoot. Hicks (1954) 
modeled this transformation as a “windlass mechanism,” in which a rope or cable is wound 
around a crank or pulley to move a heavy load attached to the opposite end. In the foot, the 
plantar aponeurosis acts as the rope or cable that is wound around the metatarsal heads 
during push-off in order to move the body’s weight over the foot (Hicks, 1954). As the 
digital slips of the plantar aponeurosis are wound around the metatarsal heads during 
dorsiflexion of the metatarsophalangeal joints, tension builds in the plantar aponeurosis 
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and the longitudinal arch heightens as the calcaneus and metatarsal heads are drawn closer 
together, compressing the bones of the midfoot (Hicks, 1954; Franco, 1987; Griffin et al., 
2015). As the bones of the midfoot are compressed, the foot is transformed into a rigid 
lever on which the body’s weight is propelled over the metatarsophalangeal joints as the 
triceps surae muscles plantarflex the foot at the ankle joint. 
 
Human Variation in Longitudinal Arch Height 
The presence of a longitudinal arch has long been considered to be characteristic of 
the feet of modern humans ( Morton, 1922; Morton, 1924; Elftman & Manter, 1935a;b), 
yet humans have been observed to exhibit a wide range of variation in arch height, 
including asymptomatic flat-footedness (Engle & Moron, 1931; Sim-Fook & Hodgson, 
1958; Sachithanandam & Joseph, 1995; Wunderlich & Cavanagh, 2001; D’Août et al., 
2009). Therefore, it is more appropriate to discuss the human longitudinal arch as existing 
on a height continuum, as opposed to characterizing it as a structure that is either present 
or absent. However, there is no consensus as to what the “normal” height of the longitudinal 
arch is. While clinicians often describe individuals as having “low,” “normal”/”average,” 
or “high” arches, there are no objective criteria upon which these designations are based. 
The following section summarizes how longitudinal arch height has been reported to vary 
among humans and the effects of foot loading.  
 
Ontogenetic Variation in Longitudinal Arch Height 
Human feet appear flat at birth and in young infants, making flat footedness the 
first stage of normal human foot development. The feet of infants and toddlers are flat 
along the plantar surface due in large part to the presence of a pediatric fat pad beneath the 
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child’s midfoot (Staheli et al., 1987; García-Rodríguez et al., 1999; Bertsch et al., 2004; 
El et al., 2006; Pfeiffer et al., 2006; Harris, 2010). In some cases, an incipient longitudinal 
arch appears present when an infant or young child is in a non-weight-bearing position, 
and then the arch disappears when the child stands. These cases are described as “flexible 
flatfoot” and are considered normal (Garcı́a-Rodrı́guez et al., 1999; El et al., 2006; Chang 
et al., 2010; Harris, 2010).  
Studies of plantar pressure beneath the feet of young children show that the 
longitudinal arch begins to develop shortly after a child begins walking and continues until 
approximately age six (Bertsch et al., 2004; Onodera et al., 2008; Müller et al., 2012; but 
see Forriol and Pascual, 1990 and Waseda et al., 2014 who contend that the arch continues 
to develop into the teenage years). The development (i.e., heightening) of the longitudinal 
arch is accelerated during the first two years following the onset of walking and then 
continues at a slower rate for approximately 2-3 additional years (Bertsch et al., 2004; 
Onodera et al., 2008; Müller et al., 2012). The fact that arch development concludes around 
age 6 is noteworthy because this is the approximate age at which a child’s gait matures to 
exhibit adult-like characteristics (Sutherland, 1997; Samson et al., 2011). This observation 
underscores the functional association between the presence of a well-developed 
longitudinal arch and human-like bipedal walking mechanics. 
Longitudinal arch development appears to progress at a different rate in boys and 
girls, and is highly variable between individuals (Echarri and Forriol, 2003; Bertsch et al., 
2004; Stavlas et al., 2005; Pfeiffer et al., 2006; Mickle et al., 2008; Bosch et al., 2010; 
Chang et al., 2010; but see El et al., 2006). In a large number of populations, boys are 
reported to exhibit a wider mid-foot region and a lower longitudinal arch than age-matched 
girls (Echarri and Forriol, 2003; Stavlas et al., 2005; Pfeiffer et al., 2006; Mickle et al., 
2008; Bosch et al., 2010; Chang et al., 2010; but see El et al., 2006). This finding is 
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consistent with reports of sex differences in arch height among adults, where women have 
been found to exhibit a higher longitudinal arch than men for a given foot length 
(Wunderlich & Cavanagh, 2001).  
Much of what is known about the ossification schedule, growth, and maturation of 
foot bones is derived from radiographic atlases of the human foot or complete skeleton 
(O’Rahilly et al., 1960; Hoerr, 1962; Birkner, 1978) and has been summarized by Scheuer 
and Black (2004). At birth, the primary ossification centers of the talus, calcaneus, 
metatarsals, and phalanges are present, while the ossification centers of the bones of the 
midfoot region have not yet developed. Ossification centers appear for the cuboid and 
lateral cuneiform within the first six months of post-natal life, as do epiphyses for the pedal 
phalanges. Ossification centers for more medially-positioned midtarsal elements, such as 
the medial and intermediate cuneiforms, as well as the navicular, appear between the first 
and third year of life. It is notable that this is also the period during which the child begins 
to walk, the pediatric fat pad beneath the mid-foot recedes, and the longitudinal arch 
commences its development (Bertsch et al, 2004). It is also worth noting that the 
appearance of these ossification centers occurs approximately one year sooner in girls 
compared to boys, and this gender difference in ossification schedule increases as the foot 
develops (Scheuer & Black, 2004). For example, the ossification center of the medial 
cuneiform appears between 12 and 24 months of age in girls, and 24 and 36 months in 
boys, while the ossification center of the navicular appears between 3 and 5 years in girls, 
and 5 and 7 years in boys (Scheuer & Black, 2004). This gender difference in foot bone 
ossification likely underlies the observed gender differences in foot shape and function 
(Echarri and Forriol, 2003; Bertsch et al., 2004; Stavlas et al., 2005; Pfeiffer et al., 2006; 
Mickle et al., 2008; Bosch et al., 2010; Chang et al., 2010; but see El et al., 2006). In other 
words, the pediatric fat pad may persist later in development in boys compared to girls due 
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to the delayed appearance in the ossification centers of the midfoot elements, leading boys 
to have a relatively wider midfoot region and lower longitudinal arch compared to age-
matched girls.  
While the schedule of foot bone development has been well documented, we know 
relatively little about how the individual bones change shape throughout ontogeny, and 
how these changes may be related to longitudinal arch development. The study of foot 
anatomy has been, and continues to be, limited by access to specimens and/or medical 
imagery, and these resources are especially limited for pediatric populations. Radiographs 
can be used to measure changes in foot bone orientation and in two-dimensional size and 
shape, but the risks associated with radiation exposure limits ethical use of these studies. 
Previous studies have successfully used magnetic resonance imaging (MRI) to measure 
aspects of adult foot bony and soft tissue anatomy (e.g., Tan & Teh, 2007; Miller et al., 
2014; DeSilva et al., 2015), though similar studies have not been performed on children. 
Although MRI has no risk of radiation exposure, it does require that subjects remain still 
while the machine scans the region of interest, which may be a difficult task for young 
children. Moreover, the cost of an MRI scan—or a computed tomography (CT) scan, which 
also produces a three-dimensional image, although with low radiation exposure—is 
prohibitive for studying internal anatomy on large samples of subjects. Together, these 
factors have restricted our ability to study ontogenetic changes in the internal anatomy of 
the human foot or any other region of the body.  
 
Adult Gender Differences in Longitudinal Arch Height 
Male and female human feet differ in size and shape (Wunderlich & Cavanagh, 
2001; Fessler et al., 2005; Krauss et al., 2008). For most populations that have been studied, 
 10 
females have shorter feet (relative to stature) than males (Fessler et al., 2005). This trend 
is evident across geographically-disparate populations, including those such as urban 
Japanese (Ashizawa et al., 1997), rural Javanese (Ashizawa et al., 1997), American 
soldiers (Giles & Vallandigham, 1991; Wunderlich & Cavanagh, 2001), and Londonites 
(Barker & Scheuer, 1998). Female feet also differ in shape from the feet of males, including 
having a higher longitudinal arch for a given foot length (Wunderlich and Cavanagh, 2001). 
As previously stated, this observation corresponds to gender differences in arch height 
throughout ontogeny, where girls are reported to have a higher arch than age-matched boys 
(Echarri and Forriol, 2003; Stavlas et al., 2005; Pfeiffer et al., 2006; Mickle et al., 2008; 
Bosch et al., 2010; Chang et al., 2010; but see El et al., 2006). Therefore, it appears that a 
gender difference in arch height begins in early childhood and continues into adulthood. 
The reason for this difference is unclear, however. 
 
Population Differences in Longitudinal Arch Height and the Effects of Footwear Use 
Footwear is a relatively recent human invention and is commonly cited as a primary 
cause of the observed differences in foot size, shape, and longitudinal arch height between 
populations (Hoffmann, 1905; Barnicot & Hardy, 1955; Barnett, 1962; Funakoshi, 1988; 
Ashizawa et al., 1997). Since the early twentieth century, clinicians and anthropologists 
have sought to observe the feet of habitually unshod populations in an effort to understand 
the morphology of the foot in its most natural state, and to investigate the effects of 
footwear on foot form. Some of the earliest observations were made by Hoffmann, a 
clinician who studied the feet of 186 members of various tribes of the Philippine Islands 
(Hoffmann, 1905). Hoffmann reported that the length of the foot relative to body height, 
and the length of the phalanges relative to foot length, was similar among the unshod 
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Philippinos and shoe-wearing populations, but that the unshod individuals had relatively 
wider feet, especially in the forefoot region (Hoffmann, 1905). He explained that this 
increase in forefoot width occurred because the phalanges of each digit were aligned with 
their respective metatarsals, and there was a large space separating the hallux from the 
second digit. The feet of the unshod Philippinos exhibited a wide range of variation in 
longitudinal arch height, including flat-footedness. Interestingly, however, Hoffmann 
(1905) noted that occurrences of flatfoot were not associated with weakness or pain as is 
often the case in Western populations. He made a similar observation about the feet of 
members of various unshod South African tribes, including the Matabele, Zambesi, and 
Hottentots, many of whom (approximately 40%) exhibited low to flat longitudinal arches 
(Hoffmann, 1905). 
The observations that Hoffmann (1905) made regarding the shape of the foot of 
unshod populations have been echoed by others studying foot morphology and function 
among barefoot peoples. A review of the literature reveals that the feet of unshod 
populations are generally longer relative to stature, and they have a wide forefoot region 
with a wide gap between the first and second digit (Barnicot & Hardy, 1957; Sim-Fook & 
Hodgson, 1958; Tuttle et al., 1990; Tuttle et al., 1991; Kusumoto et al., 1996; Ashizawa et 
al., 1997; Musiba et al., 1997; D’Août et al., 2009). In direct comparisons between unshod 
and shod populations, most studies report that the people of unshod populations have 
higher longitudinal arches than those from shod populations (Sim-Fook & Hodgson, 1958; 
Rao & Joseph, 1992; Sachithanandam & Joseph, 1992; Echarri & Forriol, 2003). Others, 
however, have reported that individuals from unshod populations seem to have lower 
longitudinal arches than those from shod populations (e.g., D’Août et al., 2009) or that 
there is no difference in arch height between those who use footwear and those who are 
habitually barefoot (Engle & Morton, 1931). 
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From a functional perspective, it makes sense that use of constrictive footwear in 
shod populations would be associated with a lower longitudinal arch. Footwear acts as a 
cast for the foot that offers protection and support, but at the expense of restricting arch 
deformation during locomotion. If the longitudinal arch does not deform during stance, the 
ligaments and muscles on the plantar aspect of the foot fail to stretch, and therefore the 
muscles do not contract in response. Over time, muscle inactivity would lead to atrophy of 
the intrinsic musculature of the foot, minimizing its ability to support the arch, and 
ultimately leading to a reduction in arch height (or failure of the arch to develop, if 
constrictive footwear is habitually worn during childhood). Experimental studies support 
this logic, as it has been reported that performing activities barefoot or while wearing so-
called “minimalist” footwear (i.e., flexible sole with no arch support) leads to an increase 
in the muscle volume and/or strength of select intrinsic foot muscles and an overall 
heightening or stiffening of the longitudinal arch ( Robbins & Hanna, 1987; Goldmann et 
al., 2013; Miller et al., 2014). Therefore, if footwear use does indeed lead to weakness in 
pedal musculature that supports the arch, it appears that the effect is reversible. 
 
Pathological Variation in Longitudinal Arch Height 
As stated previously, there is no consensus regarding what the “normal” height of 
the longitudinal arch is. Arch height varies continuously in populations, and individuals at 
the tails of the distribution are described as having either low or high arches. In a 1985 
study, Subotnick characterized 60% of the population as having “normal” arches, 20% as 
having “low” arches, and 20% as having “high” arches (Subotnick, 1985). In many, but 
not all, cases, individuals with feet at both tails of the arch continuum are at a greater risk 
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for foot and lower limb pathology and/or injury, especially if they engage in running 
(Williams et al., 2001). 
Feet that are characterized as having a pathologically-low or absent arch (under 
weight-bearing conditions) are commonly referred to as “flatfeet” or “flatfoot”, and 
pathological conditions are referred to as pes planus. A nation-wide survey of foot health 
that included 74,721 respondents from all 50 United States and the District of Columbia 
found that flatfoot was equally-likely to occur in men and women, regardless of age, and 
is more common among those with a higher BMI and lower health status (Shibuya et al., 
2010). In a study of Saudi Arabian army recruits, flatfoot was higher among those who 
were of a higher BMI, had worn constrictive footwear during childhood, and who also had 
a family history of flatfoot, suggesting that there may be a genetic component to its etiology 
(Abdel-Fattah et al., 2006). 
In flat-footed individuals, the head of the talus is often deviated both medially and 
plantarly, which stretches the calcaneonavicular (“spring”) ligament and disrupts its ability 
to support the arch (Franco, 1987). Dysfunction of the tibialis posterior muscle is also 
associated with flatfoot, especially in adult acquired cases (Edwards et al., 2008; Shibuya 
et al., 2008; Hankey, 2009). Individuals with flat feet or low arches walk with a gait that is 
characterized by exaggerated pronation, placing additional stress on the medial structures 
of the foot (Franco, 1987; Williams et al., 2001). Over time, individuals with flat feet may 
develop pain in their knees, hips, and lower back (Franco, 1987). Runners with low or 
absent arches are especially at a greater risk of injury, as the force experienced by the foot 
during the support phase of running is 2.5 times body weight (Robbins and Hanna, 1987). 
Given that the foot’s ability to mitigate high forces is compromised due to ligament laxity, 
individuals with flat feet or low arches experience higher rates of plantar fasciitis, patellar 
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tendinitis, and general knee pain than do runners with “normally-arched” feet (Williams et 
al., 2001).  
Individuals with high longitudinal arches are described as “high arched,” and 
pathological conditions are known as pes cavus (Franco, 1987). Pes cavus can be classified 
as “flexible” or “rigid,” depending on whether the arch depresses under weight-bearing 
conditions (Franco, 1987). If the arch is high during non-weight bearing, but depresses 
when the individual stands, the condition is flexible pes cavus. If the arch is high during 
non-weight bearing and does not depress under the individual’s body weight, the condition 
is rigid pes cavus. Unlike flatfoot, which is caused by a structural abnormality of the foot, 
high-arched feet most often result from a neuromuscular abnormality and/or tight plantar 
fascia, especially in children (Mosca, 2001). 
The feet of individuals with high arches often have a tripod structure where weight 
is primarily supported by the calcaneus, first and second metatarsal heads, and the fifth 
metatarsal head (Franco, 1987). As a result, high arched individuals often develop large 
calluses beneath the first, second, and fifth metatarsal heads in response to the high forces 
experienced at these locations (Franco, 1987). Given that a smaller area of the foot contacts 
the ground in high arched individuals, the total pressure experienced by the foot is higher, 
and may lead to heel pain and stress fractures, particularly of the lateral metatarsals 
(Williams et al., 2001). Moreover, because the foot is unable to effectively absorb shock 
during the gait cycle, runners with high arches experience greater vertical loading than 
runners with low or normal arches (Williams et al., 2001). These high forces are then 
transferred up the kinetic chain of the lower limb, leading to increased stress on the knees 
and hips, which may result in overuse injuries and/or stress fractures of the lower 
extremities (Kaufman et al., 1999; Williams et al., 2001; Korpelainen et al., 2011). 
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Human Variation in Foot Mobility 
Human feet are not only variable with respect to longitudinal arch height, they are 
also variable with respect to mobility and loading pattern (Cavanagh et al. 1997; Morag & 
Cavanagh, 1999; D’Août et al., 2009; Crompton et al., 2012; Bates et al., 2013; DeSilva 
& Gill, 2013; DeSilva et al., 2015). Historically, humans have been characterized as having 
stiff feet for propulsion as a result of the presence of the longitudinal arch (Elftman & 
Manter, 1935a). However, more recent studies have demonstrated that human feet are more 
mobile than previously thought, particularly in the midfoot region (Greiner & Ball, 2014; 
Holowka et al., 2017). Therefore, it is not appropriate to characterize human feet as stiff, 
particularly in contrast to non-human primate feet. In fact, midfoot mobility may have more 
interspecific overlap among primates than what has previously been recognized. 
The underlying basis for variation in human midfoot mobility is not well 
understood. While there are studies of motion in cadaveric feet and those of living humans 
(e.g., Greiner & Ball, 2014; Holowka et al., 2017), these studies do not link human 
variation in motion to differences in joint shape and/or soft tissue properties. Instead, these 
studies characterize inter-specific variation in foot mobility, while the topic of intra-
specific variation in mobility remains largely unexplored. A recent study by DeSilva and 
colleagues (2015) is arguably the first to link variation in foot bone shape, foot mobility, 
and foot loading for a sample of humans. DeSilva and colleagues found that humans who 
exhibit a concave proximal base of the fourth metatarsal exhibit greater dorsiflexion along 
the lateral midfoot (presumably at the cubometatarsal joint) and also higher peak pressure 
beneath this region. Higher peak pressure of the lateral midfoot was also found to be 
associated with large body mass and a low longitudinal arch, a finding that was consistent 
with previous studies of foot loading in humans (Morag & Cavanagh, 1999; DeSilva et al., 
2015). Therefore, it seems that there could be a relationship between foot bone shape, 
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longitudinal arch height, midfoot mobility, and foot loading. Untangling this relationship 
is complicated, however, given that it requires information about foot bone shape, gross 
foot shape, foot kinematics, and foot loading for a given individual.  
 
EVOLUTION OF THE LONGITUDINAL ARCH 
Morton’s Model of Longitudinal Arch Evolution 
In the early 20th century, Morton (1924) proposed that the longitudinal arch of the 
human foot evolved in response to forces experienced by the foot during terrestrial bipedal 
standing and walking. According to Morton, adoption of a bipedal stance, in and of itself, 
would have led to changes in foot bone morphology as the location of the center of mass 
over the foot shifted proximally from its distal position over the grasping phalanges that is 
characteristic of quadrupedal primates. The proximal shift in the location of the body’s 
center of mass over the foot would have led to an enlargement of the calcaneal body, a trait 
shared between humans and other terrestrial primates, such as gorillas (Morton, 1924). 
Following the adoption of a bipedal stance, Morton (1924) proposed that a pattern of heel-
to-toe bipedal walking would have inevitably emerged as forces followed the line of 
leverage through the foot from the heel to a space between the first and second digits. Given 
this trajectory of force, Morton (1924) argued that selection would have favored changes 
in forefoot anatomy to stabilize the foot, including adduction and enlargement of the first 
pedal ray. As a stable anterior-posterior base became established between the enlarged 
calcaneus (“posterior pillar”) and first pedal ray (part of the “anterior pillar”), Morton 
proposed that the longitudinal arch evolved in response to the leverage action of the foot 
against the substrate. 
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Morton proposed that the longitudinal arch evolved as an “economically and 
efficiently built lever” (1924:75) to withstand stresses experienced by the foot during 
bipedal locomotion. He modeled the foot as a block being lifted against the ground as a 
second-class lever. As the block is lifted at one end, with its fulcrum (axis) located at the 
other, the block experiences stress aligned in a series of arcs across its volume. In non-
human primates, the foot can be divided into proximal and distal segments (i.e., two 
consecutive blocks) with fulcrums (axes) located at the midtarsal region1 and metatarsal 
heads. This two-block arrangement would lead to a double-arc of stress passing through 
the foot—first, as the heel is elevated and force is transferred to the midfoot at the medial 
cuneiform, and a second as the midfoot elevates and force is transferred to the forefoot. 
This pattern of force transfer is altered by the presence of the longitudinal arch in humans, 
where the leverage is reduced to a single arc. By elevating the midfoot region, the proximal 
fulcrum (axis) of the non-human primate foot was eliminated, and a single axis remained 
at the metatarsal heads. This change effectively lengthened the force arm of the foot as a 
lever by increasing the distance between the line of force (triceps surae muscles) and the 
axis of rotation. Such a change in the mechanics of the foot increased the mechanical 
advantage of the muscles acting to plantar-flex the foot, improving the foot’s ability to 
support and propel the body’s mass forward during locomotion. 
Morton’s model of longitudinal arch evolution emphasizes the role of the arch in 
transforming the foot into a rigid lever for propulsion. While he discussed the ability of the 
arch to deform as a compliant structure during loading, Morton believed that the arch 
served primarily as an adaptation to withstand forces experienced by the foot and 
efficiently transfer them through the foot during walking. Therefore, Morton’s hypothesis 
                                                 
1 Morton (1924) identified the proximal axis (“primary fulcrum”) as being located at the medial cuneiform. 
More recent studies demonstrate that the so-called “midtarsal break” (Elftman & Manter, 1935a) observed 
in non-human primates primarily occurs at the lateral tarsometatarsal joint (DeSilva, 2010). 
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suggests that we would expect to see evidence for the presence of a longitudinal arch 
shortly following the evolution of other aspects of pedal anatomy associated with 
bipedalism, such as the enlargement of the calcaneus, and adduction and an increase in size 
of the first pedal ray. These features should be present in early hominin species that show 
evidence of bipedal locomotion. 
 
The Role of Endurance Running in the Evolution of the Longitudinal Arch 
Over the past decade, there has been increasing discussion about the role that 
endurance running might have played in human evolution. The “Endurance Running 
Hypothesis” was first presented by Carrier (1984), who proposed that a series of 
morphological and physiological aspects of humans, such as directly innervated sweat 
glands, relative lack of body hair, and an ability to regulate one’s breathing pattern 
independent of the locomotor cycle, emerged as adaptations for effective thermoregulation 
and locomotor flexibility associated with endurance running. According to Carrier, these 
adaptations most likely evolved in the earliest members of genus Homo, and are associated 
with the movement of hominins into a diurnal predatory niche that included persistence 
hunting.  Bramble and Lieberman (2004) have since argued that endurance running is 
responsible for shaping many aspects of modern human anatomy and physiology, including 
the evolution of the plantar longitudinal arch.  During running, the ligaments that support 
the longitudinal arch are stretched under the impact of the runner’s mass when the foot is 
in support phase and the arch deforms (Alexander et al., 1987; Stearne et al., 2016). A 
portion of the body’s kinetic energy becomes stored as potential elastic strain energy in the 
ligamentous structures supporting the arch, and this energy is returned to the body as 
kinetic energy when the ligaments recoil during the push-off phase of the gait cycle, 
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reducing the mechanical cost of locomotion (Alexander et al., 1987; Stearne et al., 2016). 
Given that arch deformation and stretching of the ligamentous structures is greater in 
running than walking, Bramble and Lieberman (2004) argue that the longitudinal arch 
evolved to mitigate impact forces experienced by the foot during running, specifically.  
If endurance running was the primary selective pressure that drove the evolution of 
the longitudinal arch, we should expect to see fossil evidence for arch presence emerge in 
concert with other changes in anatomy that enhance running performance, such as 
gracilization of the distal limb segments and lengthening of the bones of the hind limb 
(Bramble & Lieberman, 2004). These changes are associated with the emergence of genus 
Homo, and are not present in earlier hominins belonging to genus Australopithecus or 
Paranthropus (Bramble & Lieberman, 2004). 
 
Fossil Evidence of the Longitudinal Arch 
Biological anthropologists have looked for bony evidence of a longitudinal arch in 
the distal tibia, talus, calcaneus, navicular, calcaneus, cuboid, and metatarsal bones of fossil 
hominins. Table 1.1 summarizes the fossils that have been assessed to draw conclusions 
about arch morphology, and denotes whether the morphology of that fossil was interpreted 
to suggest that a longitudinal arch was present (P) or absent (A). Here, it is clear that, 1) 
different bony elements have resulted in conflicting conclusions about whether a 
longitudinal arch was present; and 2) in some cases, the morphology of a single fossil 
element has been interpreted to indicate both that an arch was present and that it was absent 
(e.g., calcaneus of OH-8). The following section offers a summary of the debates 
surrounding fossils attributed to Au. afarensis and early Homo, as evidenced by the OH-8 
pedal fossil. This discussion is not intended to be exhaustive, but rather highlights a few of 
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the ongoing disagreements surrounding the interpretation of longitudinal arch-related foot 
bone morphologies. 
 
Australopithecus afarensis (3.8 - 2.9 Ma) 
Current interpretations of fossil foot bone morphology suggest that a longitudinal 
arch first evolved in the Pliocene in Australopithecus afarensis. Lamy (1986) argued that 
the specimen A.L. 333-75, a talus from Hadar, exhibits an area of eburnation on the talar 
head that corresponds to the location where this structure would have been supported by a 
calcaneonavicular (“spring”) ligament. The calcaneonavicular ligament plays an important 
role in maintaining the height of the medial longitudinal arch in its support of the talar 
head. Therefore, Lamy contended that fossil tali which exhibit a “ligamentar field” were 
likely to have been supported by a human-like calcaneonavicular ligament, and therefore 
the hominin was likely to have had a longitudinal arch. Lamy noted that the ligamentar 
field of the A.L. 333-75 specimen was more developed than that of A.L. 288-1 (“Lucy”), 
and suggested that there was variation in the expression of this feature within Au. afarensis. 
The A.L. 333-75 specimen also exhibits greater torsion of the talar head than A.L. 288-1, 
offering further evidence that the former is more human-like in its morphology. The notion 
that the longitudinal arch could be variably present within Au. afarensis was echoed and 
most recently advanced by DeSilva and Throckmorton (2010). These authors studied the 
relationship between the sagittal angle of the distal tibia and longitudinal arch height, and 
argued that the sagittal angle of the distal tibia is positively associated with arch height. 
The A.L. 333-6 and A.L. 333-7 fossil tibiae attributed to Au. afarensis exhibit an anteriorly 
inclined distal surface, and this morphology was interpreted to suggest that these hominins 
had a human-like longitudinal arch (DeSilva & Throckmorton, 2010). A.L. 288-1 has a 
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posteriorly-inclined distal tibia, however, similar to what has been observed in extant apes. 
Therefore, A.L. 288-1 was been interpreted to have had flat feet (DeSilva & Throckmorton, 
2010). In sum, the studies by Lamy (1986) and DeSilva and Throckmorton (2010) 
independently characterize the A.L. 333 hominins as being more human-like in their foot 
and ankle morphology than A.L. 288-1, and argue for the presence of a longitudinal arch 
in the former and either its absence or only weak development in the latter. 
Further evidence for the presence of a longitudinal arch in the A.L. 333 hominins 
derives from an analysis of the morphology of the A.L. 333-160 specimen, a complete 
fourth metatarsal from Hadar, Ethiopia (Ward et al., 2011). Ward and colleagues (2011) 
argue that the angle formed between the proximal metatarsal base and its diaphysis (base-
diaphysis angle) is consistent with the presence of a longitudinal arch. They also note that 
the degree of torsion present in this specimen is similar to that exhibited by modern 
humans, indicating that the transverse arch would have also been human-like. In 
considering this evidence, Ward and colleagues argued that Au. afarensis was a committed 
biped with feet that included all the functionally-significant anatomical structures for 
modern human-like locomotion. However, a study by Mitchell and colleagues (2012) has 
questioned the findings of Ward and colleagues (2011). In a large comparative study, 
Mitchell and colleagues (2012) showed that the base-diaphysis angle of A.L. 333-160 falls 
well within the measured range of variation of both modern humans and Gorilla gorilla 
beringei males. Given that a longitudinal arch is not present in G. g. beringei, the results 
of Mitchell and colleagues’ (2012) study weaken the association between the base-
diaphysis angle and longitudinal arch presence outlined by Ward and colleagues (2011).  
Most recently, Prang (2015) argued that a longitudinal arch was present in both the 
A.L. 333 hominins and A.L. 288-1 based on the angular morphology of their talar and 
calcaneal articular surfaces. The A.L. 288-1 and A.L. 333-147 talar specimens have a head 
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with a plantar declination similar to modern humans, and the A.L. 333-8 calcaneus has a 
human-like triceps surae attachment (Prang, 2015). Therefore, the results of Prang’s study 
are somewhat inconsistent with previous studies which have characterized A.L. 288-1 as 
flatfooted (e.g., Lamy, 1986; DeSilva and Throckmorton, 2010). 
Studies of the navicular morphology of Au. afarensis have argued that a 
longitudinal arch was not present in this taxon. Harcourt-Smith (2002) and Sarmiento and 
Marcus (2000) have noted that the navicular tuberosity of Au. afarensis (A.L. 333-36 and 
A.L. 333-47) is large compared to that of modern humans, and may indicate that loads 
were carried on the medial side of the foot, thus negating the presence of a medial 
longitudinal arch (Elftman & Manter, 1935a; Harcourt-Smith, 2002; Harcourt-Smith & 
Aiello, 2004). Berillon (2003) concurs that the morphology of the navicular suggests that 
the medial column of the Au. afarensis foot lacked a longitudinal arch. The A.L. 333-36 
and A.L. 333-47 navicular bones exhibit distal articular surfaces that are inclined dorsally, 
similar to values reported for Pan, as opposed to the more neutral or slightly-plantar 
inclination observed in modern humans (Berillon, 2003).  
 
Early Homo (OH-8) 
The OH-8 pedal fossil (ca. 1.84 Ma; Blumenschine et al., 2012) is arguably the 
most studied hominin pedal fossil specimen, yet there continues to be disagreement 
regarding whether this hominin had a longitudinal arch. The OH-8 fossil preserves the 
partial left foot of a small-bodied hominin attributed to Homo habilis, and includes the 
talus, distal calcaneus, navicular, cuneiform bones, cuboid, and the proximal end and 
majority of the shaft of all five metatarsals (Day & Napier, 1964).  The initial description 
by Day and Napier (1964) suggested that an arch was present in the OH-8 hominin, and a 
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multivariate analysis by Day and Wood (1968) supported this conclusion by demonstrating 
that the talar head was more human-like than ape-like because it has a plantarly-directed 
angle relative to the ankle joint. Others, however, have argued that the OH-8 talus (as well 
as other hindfoot elements) is intermediate between humans and apes with regards to many 
aspects of its morphology (Oxnard, 1972; Lisowski et al., 1974, 1976; Oxnard & Lisowski, 
1980; Kidd et al., 1996). Berillon (2003) studied the relationships between the angles of 
the articular surfaces of the OH-8 specimen and concluded that a longitudinal arch was 
most likely present. However, the recent study by Prang (2015) came to a different 
conclusion, arguing instead that a longitudinal arch was absent in OH-8 because the 
specimen exhibits a talonavicular joint angle that is similar to apes and well outside of the 
human range. However, Prang (2015) reported that the calcaneocuboid joint angle of OH-
8 — which is argued to be an architectural marker of longitudinal arch presence (Berillon, 
2003) — is within the human range, and is greater than what is observed in apes, yet still 
concluded that an arch was not present in OH-8.   
These disagreements about whether a longitudinal arch was present in Au. afarensis 
and the OH-8 hominin stem from an incomplete understanding of how variation in foot 
bone morphology is related to variation in arch height. By studying these relationships 
within humans, this study tests whether select aspects of foot bone morphology are directly 
related to longitudinal arch height and seeks to refine our ability to assess arch presence 
from isolated hominin foot fossils. 
 
STRUCTURE OF THE DISSERTATION 
This dissertation is divided into six chapters. This introductory chapter has provided 
an introduction to the topics that will be discussed in the subsequent chapters. 
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Chapter 2 builds on previous work by DeSilva and Throckmorton (2010) that 
suggested the sagittal angle of the distal tibia could be used to assess whether a longitudinal 
arch was present from fossilized tibiae. Using a new sample of lateral foot and ankle 
radiographs, this study independently investigates whether variation in the distal tibia 
sagittal angle is correlated with longitudinal arch height following the methods of DeSilva 
and Throckmorton (2010). In addition, this study uses an ontogenetic series of human tibiae 
from two archaeological populations to test a hypothesis put forth by DeSilva and 
Throckmorton (2010), which proposed that the sagittal angle of the distal tibia develops in 
response to asymmetric loading of the ankle joint during the period of longitudinal arch 
development.  
Chapter 3 investigates whether variation in aspects of human calcaneal morphology 
is directly linked to variation in longitudinal arch height using a sample of humans known 
to exhibit variation in arch height. Using data from lateral foot and ankle radiographs and 
magnetic resonance images (MRIs), the study presented in Chapter 3 tests whether 
variation in two purported markers of longitudinal arch presence are related to arch height, 
including the cuboid facet angle and sustentaculum tali angle of the calcaneus. The chapter 
then takes a further look at ontogenetic changes and adult human variation in the cuboid 
facet angle in two archaeological samples of skeletonized human remains. The chapter then 
discusses the implications of the results for estimating arch height from fossil hominin 
calcanei. 
Chapter 4 is similar in outline to Chapter 3, but focuses on variation in metatarsal 
morphology and its relation to longitudinal arch height. Using data from magnetic 
resonance images (MRIs), the study presented in Chapter 4 tests whether variation in two 
purported markers of longitudinal arch presence are related to arch height, including the 
base-diaphysis angle and torsion of the metatarsals. The chapter then investigates 
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ontogenetic changes and adult human variation in metatarsal torsion in two archaeological 
samples of skeletonized human remains.  
Chapter 5 builds on recent studies of plantar pressure variation in humans that have 
challenged the long-standing paradigm characterizing the human foot as a rigid structure 
(e.g., Bates et al., 2013; DeSilva et al., 2015), and investigates the effects of variation in 
body size, longitudinal arch height, foot shape, and speed on midfoot and total loading. 
While previous studies have investigated the relationship between a selection of these 
variables in adults, less is known about how variation in body size, arch height, and foot 
shape is related to midfoot loading in children. Because early hominins were of a small 
body size, understanding whether these variables are related among children will inform 
out ability to interpret foot function from fossilized pedal remains. 
Chapter 6 includes a closing summary of the dissertation and discusses unresolved 













Figure 1.1:  An arch resolves tension stress experienced by a material under bending into 
compressive stress. A) A beam that spans a space and is supported at each 
end will experience bending stress in response to its own weight. This 
bending stress is comprised of compression experienced along the beam’s 
superior, unsupported surface, and tension along its inferior, supported 
surface. B) Bending stress will increase within the beam (depicted by 
thicker arrows) if it must also support weight from above (white square). C) 
An arch is a structural solution to resolve stress experienced by the beam 
into compression, thereby eliminating tension on the inferior surface. An 




Figure 1.2: Bones of a right human foot showing the medial and lateral longitudinal 
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    KNM-ER 813 
    KNM-ER 1464 
    KNM-ER 1476 
    KNM-ER 1481 
    KNM-ER 1500* 
    KNM-ER 2596 
    KNM-ER 5428 
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    Omo 33-74-896 
    Omo 323-76-898 




















































































     
Homo naledi   A12  A12  P12 
1DeSilva & Throckmorton, 2010; 2DeSilva, personal communication; 3Prang, 2015; 4Ward et al., 2011; 
5Mitchell et al., 2012; 6Berillon, 2003; 7Lamy, 1986; 8Sarmiento & Marcus, 2000; 9Deloison, 1986; 10Zipfel 
et al., 2011; 11Day & Wood, 1968; 12Harcourt-Smith et al., 2015; *possibly Paranthropus boisei. 
Table 1.1: Summary of literature discussing the presence or absence of a longitudinal 
arch in hominins. A = absent, P = present, and superscript indicates the 
source, listed below the table. 
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Chapter 2:  A Second Look at the “Tibial Arch Angle” and its Relation 
to Longitudinal Arch Height  
  
INTRODUCTION 
 Paleoanthropologists have long used fossilized foot bones and footprints to 
reconstruct whether a hominin had human-like, longitudinally-arched feet (e.g., Stern and 
Susman, 1983; Lamy, 1986; Tuttle et al., 1990; Kidd et al., 1996; Berillon, 2003; Bennett 
et al., 2009; Ward et al., 2011; Prang, 2015). Within recent years, however, DeSilva and 
Throckmorton (2010) have proposed that the morphology of the distal tibia (i.e., ankle 
joint) may also indicate whether a hominin had flat or longitudinally-arched feet. Given 
the dearth of hominin foot bone and footprint fossils that are suitable for reconstructing 
gross foot form, the notion that the distal tibia could either augment or substitute for these 
elements has been welcomed by paleoanthropologists eager to speculate about the human-
like nature of a hominin’s foot and bipedal gait (e.g., Ward et al., 2011; Zipfel et al., 2011; 
Ryan and Sukhdeo, 2016). The usefulness and reliability of distal tibial morphology for 
reconstructing longitudinal arch height is currently unclear, however. Although DeSilva 
and Throckmorton (2010) discovered a statistically significant relationship between the 
“tibial arch angle” and two measures of medial longitudinal arch height, the relationship 
between these morphometric variables was weak (i.e., low r2 value) and has not been 
independently replicated. Moreover, the underlying basis for the proposed relationship 
between the morphology of the distal tibia and longitudinal arch height remains elusive 
and deserves further study. 
 DeSilva and Throckmorton (2010) proposed that the anterior inclination of the 
human distal tibia (in the sagittal plane) is related to the presence of the medial longitudinal 
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arch. In humans, the posterior margin of the distal tibial articular surface projects more 
inferiorly than the anterior margin, creating an anterior tilt to the distal tibia when viewed 
laterally. This morphology is opposite to that observed in great apes, where the anterior 
margin has a greater inferior projection than the posterior margin, creating a posterior tilt 
to the distal tibia (Figure 2.1; Stern and Susman, 1983). Using a large sample of human 
lateral foot and ankle X-rays, DeSilva and Throckmorton (2010) found a statistically 
significant positive relationship between the degree of anterior tilt of the human distal tibia 
and two measures of longitudinal arch height commonly used to assess arch height from 
X-rays. In addition, the authors found that individuals who had a posteriorly-inclined (i.e., 
great ape-like) set to their distal tibia had a significantly lower longitudinal arch than those 
with an anteriorly-inclined distal tibia (DeSilva and Throckmorton, 2010). Given the 
observed relationship between the sagittal angle of the distal tibia and longitudinal arch 
height, the former trait was named the “tibial arch angle.”  
 The underlying basis for the positive relationship between the anterior tilt of the 
human distal tibia and medial longitudinal arch height is unclear. DeSilva and 
Throckmorton (2010) proposed that the distal tibia may acquire an anterior tilt during early 
childhood as the longitudinal arch develops based on a principle known as Heuter-
Volkmann law. Heuter-Volkmann law is a principle used to explain mechanical 
modulation of bone growth (Villemure and Stokes, 2009). As long bones grow in length, 
an increase in compressive loading is argued to lead to bone growth suppression, whereas 
a decrease in loading may lead to an acceleration in bone growth (Villemure and Stokes, 
2009). With respect to the distal tibia, DeSilva and Throckmorton (2010) proposed that the 
developing (i.e., heightening) longitudinal arch could direct asymmetric compressive loads 
at the distal tibia physis, which would result in an asymmetric distal tibia surface in 
adulthood. Specifically, they hypothesized that larger compressive loads would be directed 
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at the anterior margin of the distal tibia due to its proximity to the developing medial 
longitudinal arch, while the posterior margin would experience weaker loading. The large 
compressive loads experienced by the anterior margin would inhibit the proliferation of 
chondrocytes in this area, while chondrocyte proliferation would be either less, or 
unaltered, along the posterior margin. This asymmetry in chondrocyte proliferation would 
result in asymmetric bone growth, and ultimately the anterior inclination observed in the 
adult human distal tibia. 
 Experimental study of bone development has demonstrated that an increase in 
compressive mechanical loading can slow long bone growth (Villemure and Stokes, 2009), 
but the effects of asymmetric loading of a given long bone physis have not been 
investigated. Studies have, however, investigated the effects of asymmetric loading on 
vertebral physes in an effort to understand how mechanical loading results in vertebral 
wedging, as well as to develop therapies for correction of scoliosis (e.g., Mente et al., 1997; 
Mente et al., 1999). These studies demonstrate that application of an asymmetric load to 
the spine can lead to vertebral wedging, and this wedging can be subsequently corrected if 
a reverse asymmetric load is applied (Mente et al, 1999). Therefore, it seems reasonable to 
hypothesize that long bone physes would behave similarly if subjected to asymmetric 
compressive loads during development. 
 While experimental study of distal tibia growth modulation in response to 
asymmetric loading is outside the scope of this chapter, the mechanism proposed by 
DeSilva and Throckmorton (2010) does outline a hypothesis than can be tested using data 
from human distal tibiae. If the anterior tilt of the human distal tibia is a developmental by-
product of asymmetric loading of the distal tibial physis resulting from medial longitudinal 
arch development, then the sagittal angle of the distal tibia should undergo age-related 
changes that correspond to the timing of arch development. Specifically, the distal tibia 
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should become more anteriorly inclined during early childhood, especially the period from 
approximately 3 to 8 years of age when longitudinal arch development is most active 
(Bertsch et al., 2004).  
 The goals of this study are two-fold. First, this study uses a new sample of lateral 
foot and ankle X-rays to independently test the relationship between the sagittal angle of 
the distal tibia (“tibial arch angle”) and medial longitudinal arch height in an attempt to 
replicate the findings of DeSilva and Throckmorton (2010). Second, this study investigates 
age-related changes in the sagittal angle of the distal tibia in an ontogenetic sample of 
human skeletal remains to test the hypothesis that the distal tibia becomes anteriorly-
inclined during the period of longitudinal arch development.  
   
MATERIALS AND METHODS 
Sample  
X-rays 
Acquisition of X-rays was approved by The University of Texas at Austin IRB, 
study #00002030. The X-ray sample includes 123 digital planar X-ray files of the adult 
foot and ankle in lateral view taken from a standing, weight-bearing position. These files 
were collected by the staff of Austin Foot and Ankle Specialists (5000 Bee Caves Road, 
Austin, Texas 78746) during routine initial (i.e., not post-operative) podiatric exams. Each 
X-ray is anonymous, but is associated with the following biographical and anthropometric 
information: sex, age, body mass, and body mass index. The podiatrist’s description and 
categorical classification of the patient’s longitudinal arch was also available. Here, the 
patient’s arch was classified as either “low”, “low to average”, “average”, “average to 
high”, or “high.” This classification was based on the podiatrist’s observation of the 
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external foot (as opposed to an X-ray), and is therefore a subjective description of the 
individual’s longitudinal arch height2. Table 2.1 summarizes the descriptive statistics for 
the X-ray sample.  
Using a sample of clinical X-rays has inherent limitations due to the fact that the 
population is essentially “pathological.” A strong effort was made to ensure that the X-rays 
included in this study represented individuals whose feet represent normal human 
variation. To this end, the X-rays were selected from cases where individuals presented to 
the clinic with a recent onset of pain or edema, but otherwise did not have a history of foot 
pathology. Individuals who had been long-term patients and/or suffered from long-term 
foot pathology were excluded from the sample. Additionally, individuals who presented to 
the clinic with a bony fracture were also excluded, because it is unlikely that they would 
have been able to stand in a full weight-bearing position during obtainment of the X-ray. 
And finally (although instances were rare), X-rays of the asymptomatic foot were included 
in cases where bilateral X-rays had been taken to serve as a comparison between the 
symptomatic and asymptomatic feet. 
 
Human Osteological Remains 
The human osteological sample includes the tibiae of skeletonized individuals from 
two archaeological populations. The first sample includes the tibiae of 179 individuals from 
the Mis Island Ancient Nubian skeletal collection (on loan to Michigan State University 
from the British Museum). The Mis Island collection includes the remains of individuals 
who belonged to a small medieval (ca. 500-1400AD) farming community located along 
the 4th cataract of the Nile in present-day North Sudan (Soler, 2012; Hurst, 2013). The 
                                                 
2 The criteria used to classify each individual’s arch height, as well as the repeatability of these 
classifications, is unknown.  
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second sample includes the tibiae of 96 individuals from the Norris Farms 36 Cemetery 
skeletal collection (on loan to Penn State University from the Illinois State Museum). The 
Norris Farms 36 Cemetery skeletal collection includes the remains of individuals of upper 
western Oneota tradition who occupied the central Illinois river valley of North America 
ca. 1300AD (Milner & Smith, 1990). Table 2.2 summarizes the number of tibiae included 
in the study grouped according to the estimated age of the individual. Skeletal age and sex 
were estimated for individuals in the osteological samples using standard skeletal aging 
and sex-estimation techniques (Mis Island sample: Soler, 2012; Hurst, 2013; Norris Farms 
sample: Milner and Smith, 1990). 
 
Fossil Hominins 
Distal tibia sagittal angle values for fossil hominins were collected from the 




The distal tibia sagittal angle was measureable on 114 of the lateral foot and ankle 
X-rays, and was measured using ImageJ NIH software and following the methods of 
DeSilva and Throckmorton (2010) (Figure 2.2). The distal tibia sagittal angle was defined 
as the anterior angle of the distal tibia relative to the long axis of the tibial shaft in the 
sagittal plane (DTSA = distal tibia sagittal angle3). The line and angle measure tools were 
                                                 
3 The “distal tibia sagittal angle” (DTSA) is equivalent to the “tibial arch angle” described by DeSilva and 
Throckmorton (2010). I have elected to use a different descriptor for this trait because “tibial arch angle” 
assumes that the sagittal angle of the distal tibia is linked with the morphology of the longitudinal arch. 
Given that this relationship is tenuous and is currently being tested, I feel it is more appropriate to use a 
descriptor for the trait that is directly related to its anatomy. 
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used to quantify the DTSA as the angle enclosed between a line connecting the anterior 
and posterior distal-most margins of the tibia (in lateral view) and a line bisecting the tibial 
diaphysis. First, the line tool was used to determine the mid-point of the tibial diaphysis in 
cross-section. By default, ImageJ places a tick mark at the midpoint of a line. The mid-
point of the diaphysis was marked at multiple locations along its length by drawing lines 
across the anterior-posterior axis of the tibia perpendicular to the diaphysis. A line was then 
applied to connect the mid-points of these lines and mark the middle of the tibial diaphysis. 
Second, the line tool was used to draw a line connecting the distal-most projections of the 
anterior and posterior margins of the tibia. Finally, the angle measure tool was used to trace 
over these lines and measure the anterior angle formed between the line bisecting the tibial 
diaphysis and the line connecting the distal margins. The value of this angle was subtracted 
from 90 to calculate the deviation of the distal margins from a horizontal line 
perpendicular to the tibial diaphysis. Positive values of the DTSA indicate an anteriorly-
inclined distal tibia, while negative values indicate a posteriorly-inclined distal tibia. 
Longitudinal arch height was measured using four different metrics for each X-ray 
(when possible). First, Image J NIH software was used to collect two angular 
measurements from each digital X-ray that are commonly used among podiatrists and other 
health care professionals to assess longitudinal arch height (Cavanagh et al., 1997), and 
both of which were included in the DeSilva and Throckmorton (2010) study. These metrics 
include: ) calcaneal inclination angle (CIA) = angle between the inferior surface of the 
calcaneus and the substrate; and the θ) talar declination angle (TDA) = angle between a 
line that bisects the neck and head of the talus and the substrate (Figure 2.2)4. Next, the 
                                                 
4 DeSilva and Throckmorton (2010) included a third measure of longitudinal arch height, the talocalcaneal 
angle, which is the sum of the calcaneal inclination angle (CIA) and the talar declination angle (TDA). I 
find it circular to test for a relationship between the distal tibia sagittal angle (DTSA) and the talocalcaneal 
angle, given that the talocalcaneal angle is the sum of the CIA and TDA. Therefore, I have chosen to omit 
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line measure tool was used to collect linear measurements of navicular height, talar height, 
and bony foot length that were then used to calculate two additional measures of 
longitudinal arch height, including a navicular height index (navicular height divided by 
bony foot length) and a talar height index (talar head height divided by bony foot length) 
following the methods of Cavanagh and colleagues (1997) and Salzman and colleagues 
(1995) (Figure 2.3).  
 
Human Osteological Remains 
Digital photographs were taken of the lateral distal tibia aligned parallel to the 
camera lens in order to mimic the orientation of the tibia in the planar X-rays. ImageJ NIH 
software was used to measure the DTSA following the same protocol as used to measure 
the DTSA on the digital planar X-rays (Figure 2.4). The measurement protocol was tested 
for both intra- and inter-rater repeatability. A subset (N = 62) of the tibiae from the Mis 
Island sample were photographed and measured for a pilot version of this study (Heard-
Booth, 2013), and photographed and measured again 18 months later when data for the full 
study was collected. The correlation between measures of the DTSA taken from these 
separate events was r = 0.891 (p < 0.001) (Figure 2.5). Inter-rater repeatability was tested 
by having a second observer (a University of Texas undergraduate student) measure the 
DTSA on a subset of photographs of 47 tibiae from the Mis Island sample. The correlation 
between the measures taken by the author and the undergraduate student was r = 0.987 (p 
< 0.001), indicating that there is a strong inter-observer repeatability in the measurements 
of the DTSA from the photographs of the human skeletal remains (Figure 2.6).  
                                                 
the talocalcaneal angle and instead only test the relationship between the DTSA and the two components of 
the talocalcaneal angle, the CIA and TDA. 
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Adjustments to the described protocol were made when photographing juvenile 
tibiae to account for the lack of tibial torsion in infant and child remains. The tibial shaft 
undergoes lateral torsion (external rotation) of approximately 14º - 25º throughout 
childhood (Staheli and Engel, 1972; Ritter et al., 1976). Adult-like torsion values are 
usually achieved between the ages of 5 and 7 years (Turner and Smillie, 1981). Therefore, 
the tibia of those estimated to be younger than 6 years of age was positioned for 
photographs so that the surface that would ultimately become the lateral aspect (i.e., the 
antero-lateral surface) was parallel to the camera lens.  
An additional adjustment was made to account for the absence and/or separation of 
epiphyses in the juvenile sample. The distal epiphysis of the tibia begins to ossify during 
the first year of life and is recognizable between 3 and 4 years of age as an oval-shaped 
disc (Scheuer and Black, 2004). The margins of the distal epiphysis approximate those of 
the metaphysis between the ages of 5 and 6 years (Scheuer and Black, 2004), at which 
point the isolated epiphysis can be snugly attached to the tibial diaphysis. The epiphysis 
begins to fuse to the diaphysis around the age of 12-13 years in females and 14-15 years in 
males (Hoerr et al., 1962), with complete fusion occurring between the ages of 14-16 years 
in females and 15-18 years in males (Scheuer and Black, 2004). Tibiae for which the distal 
epiphysis was missing were photographed without the epiphysis and the DTSA was 
measured along the distal margin of the metaphysis. In cases where the epiphysis was 
present but not yet fused, a small piece of clay was used to secure the epiphysis to the shaft 
in correct anatomical position. For these cases, the DTSA was measured at both the 
metaphyseal margin and the epiphyseal margin (Figure 2.7). The DTSA was measureable 
at both the epiphyseal and metaphyseal margins on 42 individuals, and results of a Pearson 
correlation analysis show that the DTSA measured at the epiphyseal margin is significantly 
positively correlated with the DTSA measured at the metaphyseal margin (r = 0.59, p < 
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0.01) (Figure 2.8). This result indicates that there is a statistically significant, yet only 
moderately strong, relationship between the sagittal angle of the metaphyseal margin and 
that of the epiphyseal margin. Therefore, the DTSA measured at the metaphyseal margin 
on young individuals whose tibiae lack an epiphysis approximates the DTSA value at their 
epiphyseal margin, but error remains in this estimate. Given the small sample sizes for 
juvenile individuals in the archaeological populations, however, tibiae that lacked an 
epiphysis were included in the analysis, and their results were interpreted with caution. 
 
Data Analysis 
Relationship between the Distal Tibia Sagittal Angle and Longitudinal Arch Height 
The first goal of this study was to use a new sample of lateral foot and ankle X-rays 
to independently test the relationship between the DTSA and longitudinal arch height. 
First, each radiographic measure of longitudinal arch height was compared across the four 
podiatrist-designated arch height categories using a one-way analysis of variance 
(ANOVA). The purpose of this step was to assess the strength of the association between 
the radiological measures of longitudinal arch height and assessments of arch height made 
from the external foot surface. In other words, individuals described as having “low” arches 
were predicted to exhibit a mean calcaneal inclination value that was lower than individuals 
described as having “low to average”, “average”, and “average to high” arches, for 
example, and so on. The mean DTSA was also compared across the arch height categories, 
and DTSA was predicted to increase with arch height. 
The analysis for the remaining portion of the study followed the methods of DeSilva 
and Throckmorton (2010). A non-parametric Kruskal-Wallis Test was performed to 
investigate whether longitudinal arch height was significantly different between 
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individuals with a posteriorly-inclined DTSA and those with an anteriorly-inclined DTSA. 
It was appropriate to use a non-parametric test for this analysis because although DTSA 
values were normally distributed for the entire sample, they were not normally distributed 
within each group (i.e., Posteriorly-inclined vs. Anteriorly-inclined).  If the DTSA is 
related to the presence of the longitudinal arch, then a significant difference in each of the 
four measures of arch height between individuals who have an anteriorly-inclined DTSA 
and those with a posteriorly-inclined DTSA should be observed. Next, a Pearson’s product 
moment correlation test was used to investigate the relationship between the DTSA and 
each of the four radiographic measures of longitudinal arch height. The DTSA was 
predicted to exhibit a positive correlation with the four measures of longitudinal arch 
height. 
Finally, the DTSA values for hominin fossils were plotted alongside those from the 
radiographic sample in order to discuss what can be gleaned about longitudinal arch height 
from hominin distal tibial morphology. 
 
Ontogenetic Changes in the Distal Tibia Sagittal Angle 
The second goal of this study was to investigate whether the sagittal angle of the 
distal tibia becomes more anteriorly inclined throughout ontogeny, particularly during the 
period of medial longitudinal arch development. For statistical analyses, individuals were 
placed into the following age categories: 1-2 years (early bipedal walkers that lack a 
longitudinal arch); 2-4 years (bipedal walkers beginning to develop a longitudinal arch); 4-
6 years (bipedal walkers with a developing longitudinal arch); 6-12 years (bipedal walkers 
with a developed longitudinal arch and a growing foot); 12-20 years (bipedal walkers with 
a developed longitudinal arch and adult-sized foot, but who continue to grow in stature); 
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and 20+ (bipedal walkers with an adult foot size and stature). These developmental 
milestones were identified from studies of foot and body growth in contemporary 
populations (Bertsch et al., 2004; Scheuer & Black, 2004), and it is unknown whether this 
schedule of development has changed through time. Mean DTSA values were compared 
between age categories using a one-way ANOVA. The mean DTSA was predicted to be 
smallest in the youngest age category, and then increase with age. Mean DTSA was 
predicted not to differ between those aged 6-12, 12-20, and 20+ years, given that the arch 
reaches maturity around age 6 (Bertsch et al., 2004). 
All statistical analyses were performed in SPSS version 23.0 (IBM). 
 
RESULTS 
Relationship between the Distal Tibia Sagittal Angle and Longitudinal Arch Height 
Descriptive statistics for the four radiographic measures of longitudinal arch height 
are presented in Table 2.4. The longitudinal arch height was categorized by the podiatrist 
for 102 individuals, where 6 (5.9%) were described as having a “low” arch, 75 (73.5%) 
were described as having a “low to average” arch, 19 (18.6%) were described as having an 
“average” arch, and 2 (2.0%) were described as having an “average to high” arch.  
A one-way ANOVA was performed to determine whether each of the four, 
continuous radiographic measures of longitudinal arch height was significantly different 
between individuals in the four arch height categories. Figures 2.9 A-D show box-plots of 
the median and interquartile range of each radiographic measure of longitudinal arch height 
across the four arch height categories. Arch height category had a significant effect on 
calcaneal inclination angle (CIA) [F(3, 102) = 4.82, p = 0.004], and post-hoc comparisons 
using the Tukey HSD test indicate that the mean CIA of individuals categorized as having 
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“low” arches (Mean = 14.00, SD = 6.07) is significantly lower than the mean CIA of those 
categorized as having “average” (Mean = 21.37, SD = 3.52) and “average to high” arches 
(Mean = 25.64, SD = 3.76) (Figure 2.9A). Arch height category also had a significant 
effect on talar height index (THI) [F(3, 96) = 3.4, p = 0.021], and post-hoc comparisons 
indicate that the mean THI of those categorized as having “low” arches (Mean = 0.21, SD 
= 0.04) is significantly lower than those described as having “average to high” arches 
(Mean = 0.28, SD = 0.01) (Figure 2.9D). The talar declination angle was not statistically 
different between arch height categories [F(3, 101) = 1.898, p = 0.135] (Figure 2.9B), nor 
was the navicular height index [F(3, 86) = 2.525, p = 0.063] (Figure 2.9C). However, 
Figure 2.9C shows that the median navicular height index increases with arch height 
category, and this trend is consistent with predictions. 
The DTSA was measured on 114 X-rays. Of these, 105 individuals (92%) had an 
anterior tilt at the distal tibia (DTSA > 0°), and 9 (8%) had a posterior tilt (DTSA < 0°). 
The DTSA was not correlated with body weight (r = -0.092, p = 0.357), body mass index 
(r = -0.181, p = 0.069), or age (r = -0.002, p = 0.981), and did not differ between males and 
females [t(112) = 1.119, p = 0.233]. Table 2.5 summarizes the descriptive statistics for the 
DTSA across the entire sample, and also for the individuals within each of the arch height 
categories. A one-way ANOVA found no statistical difference in DTSA between the 
qualitative arch height groups [F(3, 98) = 1.459, p = 0.230] (Figure 2.10). In fact, the mean 
DTSA was lowest for the group of individuals whose arch was described as “average to 
high” in height, a result that is the direct opposite of what was predicted (Table 2.5).  
The relationship between longitudinal arch height and the DTSA was tested using 
both a non-parametric Kruskal-Wallis Test and a Pearson’s product-moment correlation 
following the methods of DeSilva and Throckmorton (2010). The Kruskal-Wallis Test 
found no statistical difference in any of the four radiographic measures of longitudinal arch 
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height between those individuals whose distal tibia has a posterior tilt and those with an 
anterior tilt (Table 2.6). In other words, individuals with an anteriorly-inclined distal tibia 
had a similar longitudinal arch height as those with a posteriorly-inclined distal tibia, 
irrespective of the radiographic method used to measure longitudinal arch height. 
A Pearson’s product-moment correlation test was performed to investigate the 
relationship between the DTSA and each of the four radiographic measures of longitudinal 
arch height. No statistically significant relationship was detected between the DTSA and 
any of the measures of longitudinal arch height (Table 2.7; Figures 2.11 A-D). 
 
Ontogenetic Changes in the Distal Tibia Sagittal Angle 
The DTSA was measured on 275 tibiae belonging to two archaeological samples 
(Mis Island, N=179; Norris Farms, N=96). Table 2.8 summarizes the descriptive statistics 
for the DTSA for the six age categories across both samples and for the sample as a whole. 
These statistics were calculated using the DTSA value measured at the metaphyseal margin 
for young individuals for whom an epiphysis was absent, and at the epiphyseal margin in 
cases where a) an epiphysis was not yet fused but could be accurately placed and adhered 
to the metaphysis, and b) the epiphysis was fused. An independent samples t-test found no 
significant difference in the DTSA between the Mis Island and Norris Farms samples 
[t(271) = 0.264, p = 0.792], so the samples were combined for further analyses (Figure 
2.12). 
A total of 257 (94.1%) tibiae had an anteriorly-inclined distal tibia sagittal angle 
(DTSA > 0º), while 16 (5.9%) had a posteriorly-inclined distal tibia (DTSA < 0º) when the 
entire sample is considered. Of those individuals who exhibited a posteriorly-inclined 
DTSA, seven were juveniles aged 1-2 years, one was a juvenile aged 2-4 years, one was a 
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juvenile aged 4-6 years, and two were juveniles aged 6-12 years. Of these eleven juveniles, 
the distal epiphysis was not present for ten of them, which suggests that the epiphysis may 
contribute to the anterior inclination of the human distal tibia. Five of the sixteen 
individuals with a posteriorly-inclined DTSA were adults over the age of 20.  
A one-way ANOVA test found that estimated age had a significant effect on DTSA 
for the combined archaeological samples [F(5, 267) = 4.57, p < 0.01] (Figure 2.13). Post-
hoc comparisons using the Tukey HSD test indicated that the mean DTSA at ages 1-2 years 
(Mean = 3.47, SD = 4.62) is significantly different from the mean DTSA at ages 12-20 
years (Mean = 7.61, SD = 3.20) and >20 years (Mean = 6.03, SD = 3.28); and mean DTSA 
at ages 2-4 years (Mean = 4.55, SD = 3.21) is significantly different from the mean DTSA 
at ages 12-20 years (Mean = 7.61, SD = 3.20). In other words, individuals aged 1-2 years 
and 2-4 years had a significantly smaller (i.e., less anteriorly-inclined) DTSA than 
individuals aged 12-20 years, and those aged 1-2 years also had a significantly smaller 
DTSA than adult individuals >20 years of age. The smaller DTSA value observed in 
individuals aged 1-2 and 2-4 years is likely due to the absence of the distal epiphysis. 
 
Fossil Hominin Distal Tibiae and Longitudinal Arch Height 
This study was not able to independently replicate the findings of DeSilva and 
Throckmorton (2010), who found a statistically significant relationship between the DTSA 
and two radiographic measures of longitudinal arch height. Therefore, the DTSA may not 
be an appropriate marker of longitudinal arch height in fossil hominins. Figure 2.14A 
shows the distribution of DTSA values reported in the literature for fossil hominins 
alongside those measured in this study for individuals with “low”, “low to average”, 
“average”, and “average to high” arches. Figure 2.14B shows the same data with each 
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fossil hominin represented as a single specimen (see Table 2.3 for the fossil hominin DTSA 
values). These figures demonstrate that the DTSA values reported for fossil hominins 
overlap with those of modern humans of all arch heights, and it is therefore not possible to 
describe the arch of a given specimen based on the sagittal angle of their distal tibia. For 
example, the DTSA value of 4.2° for StW 358 falls within the interquartile range of DTSA 
values for individuals whose medial longitudinal arch has been described as “low”, “low 
to average”, and “average”. Therefore, based on the results of the present study, the distal 
tibia sagittal angle of fossil hominins should not be used to inform the reconstruction of 
their longitudinal arch height. 
 
DISCUSSION 
Human Variation in the Distal Tibia Sagittal Angle 
The results of this study are consistent with previous studies reporting that the 
majority of modern humans have an anteriorly-inclined distal tibia articular surface (Davis, 
1964; Stern & Susman, 1983; DeSilva & Throckmorton, 2010). In the current study, 92% 
of the contemporary X-ray sample, and 96.1% and 89.6% of the Mis Island and Norris 
Farms samples, respectively, exhibited an anteriorly-inclined distal tibia. These 
percentages are within the range of percentages reported by DeSilva and Throckmorton 
(2010) for the contemporary and archaeological samples included in their study (Table 
2.9). Therefore, the available data support the conclusion that an anteriorly-inclined distal 
tibia is characteristic of modern humans, although a small percentage of humans exhibit an 
ape-like, posteriorly-inclined distal tibia articular surface. 
While it is clear that the majority of humans exhibit an anteriorly-inclined distal 
tibia, there remains a wide range of variation in the distal tibia sagittal angle (DTSA) among 
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individuals. Table 2.9 presents descriptive statistics describing the range of variation for 
the samples included in the present study and those included in the DeSilva and 
Throckmorton (2010) study. If all individuals in the archaeological samples from the 
present study are considered, the DTSA had a total range of 26.09°, and this range drops 
to 18.5° if only adults are considered. This decrease occurs because younger individuals, 
especially those younger than 4 years of age, tend to have a smaller DTSA than adults, so 
their inclusion expands the overall size of the range. Therefore, including subadult remains 
in the sample increases the total range. The X-ray sample was limited to adult individuals 
and the total range of DTSA values was smaller (15.64°) than what was observed in the 
archaeological samples. The X-ray sample from the DeSilva and Throckmorton (2010) 
study had the highest range (23.0°) of all samples, though this could be the result of also 
having the largest sample size.  
The cross-sectional ontogenetic data presented here suggest that the DTSA 
becomes more anteriorly inclined with age, with the greatest distinction in incline between 
the youngest and oldest individuals in the sample. According to the hypothesis put forth by 
DeSilva and Throckmorton (2010), the anterior inclination of the DTSA was predicted to 
increase in early childhood during the period of longitudinal arch development. This 
prediction would have corresponded to an increase in the DTSA between ages 1-2, 2-4 and 
4-6, given that arch development is most active during this age range (Bertsch et al., 2004). 
Instead, individuals in the sample aged 1-2 years and 2-4 years had a significantly lower 
DTSA than those aged 12-20 years, and those aged 1-2 years were also distinct from the 
adults in the sample. There was not a significant increase in the DTSA between the ages of 
1-2, 2-4, and 4-6, however. These results indicate that very young children for whom the 
longitudinal arch is just beginning to develop have a lower (i.e., less anteriorly-inclined) 
DTSA than those individuals whose feet have achieved their adult size (though the 12-20 
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year olds still experience variable growth in stature). The tibiae of these young individuals 
(aged 1-2 and 2-4 years) lack a distal epiphysis, however, which may explain the lower 
DTSA value for these groups. 
The ontogenetic data used in this study have a number of limitations, and age-
related changes in the DTSA detected here should be interpreted with caution. First, the 
ages used in this study were estimated from dental and osteological remains, and many 
standard skeletal aging techniques have a wide margin of error. The effect of over or under 
estimating the age of the individual is potentially large given that this study attempted to 
track changes in the DTSA over a relatively narrow age range. The analysis would be 
improved by using a sample of osteological remains or contemporary X-rays where the 
exact chronological age of the individual is known. Second, the data are cross-sectional in 
nature, and do not actually measure how the DTSA may have changed throughout a given 
individual’s lifetime. Being able to track age-related changes in the DTSA within 
individuals would refine our understanding of whether the DTSA becomes more anteriorly-
inclined with age and, if so, during what developmental period(s). 
 
The Distal Tibia Sagittal Angle and Longitudinal Arch Height 
Using an independent sample of radiographs, this study was not able to replicate 
the results of DeSilva and Throckmorton (2010), and did not find a positive relationship 
between the sagittal angle of the distal tibia and longitudinal arch height. This result was 
not unexpected, however, given that the correlation previously detected between the DTSA 
and radiographic measures of longitudinal arch height was weak, albeit statistically 
significant. DeSilva and Throckmorton (2010) found that the DTSA was positively 
correlated with the talar declination angle (r = 0.21, p = 0.001) and talocalcaneal angle (r 
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= 0.16, p = 0.009), but not the calcaneal inclination angle (r = 0.03, p = 0.61). The 
coefficients for these relationships are low, and show that the talar declination angle and 
talocalcaneal angle explain only a very small proportion of the variance in longitudinal 
arch height (4.4% and 2.6%, respectively). The weakness of this correlation questions 
whether the statistical significance detected by DeSilva and Throckmorton (2010) between 
the DTSA and longitudinal arch height has any real biological significance. The fact that 
the present study failed to find a statistically significant relationship between the DTSA 
and longitudinal arch height underscores the weakness of the association detected in the 
original DeSilva and Throckmorton (2010) paper, and suggests that the DTSA should not 
be used to estimate longitudinal arch height from fossilized hominin tibiae. 
.  
Implications for Fossil Hominins 
The results presented here argue that conclusions about whether a hominin’s foot 
had a longitudinal arch should not be drawn from the morphology of their distal tibia.  In 
the original DeSilva and Throckmorton (2010) study, the DTSA was used to assess whether 
a longitudinal arch was present for 12 hominin individuals representing the species 
Australopithecus anamensis, Au. afarensis, Au. africanus, and genus Homo (Table 2.3). In 
subsequent years, the DTSA has been used by Zipfel and colleagues (2011) to comment 
on the nature of the longitudinal arch of Au. sediba, and has also been cited by Ward and 
colleagues (2011) to bolster the claim that Au. afarensis had a longitudinally-arched foot. 
Most recently, Ryan and Sukhdeo (2016) have used the DTSA to suggest that the KSD-
VP-1/1 hominin (Au. afarensis) had a longitudinally-arched foot.  
For a number of hominin fossil individuals featured in the DeSilva and 
Throckmorton (2010) study, the finding that the DTSA is uninformative with respect to 
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whether their foot had a longitudinal arch will alter current reconstructions of foot 
morphology and/or locomotor biomechanics because the distal tibia was the only evidence 
used to discuss the longitudinal arch. For example, there are no pedal fossils attributed to 
Au. anamensis, a species for whom most available fossil specimens are cranio-dental 
(Leakey et al., 1998; Ward et al., 2001). The fossil specimen KNM-KP 29285B is a distal 
tibia from Kanapoi, Kenya (4.07-4.17 ± 0.03 Ma; Leakey et al., 1998; Ward et al., 2001) 
that has a posteriorly-inclined distal tibia with a DTSA of -1.8º (DeSilva and 
Throckmorton, 2010). The negative DTSA led DeSilva and Throckmorton (2010) to 
conclude that Au. anamensis was flat footed. However, data from the current study shows 
that individuals from the contemporary X-ray sample who had a similar DTSA value had 
feet that were described by a podiatrist as having a “low to average” longitudinal arch 
height, while an individual who had an even lower DTSA value was described as having 
an “average” arch height (Figure 2.14B). Therefore, it is not possible to conclude whether 
the KP 29285 Au. anamensis individual was flat footed, or that its feet had a longitudinal 
arch, based on their DTSA value of -1.8º. The distal tibia of Au. anamensis is human-like 
in other aspects of its morphology, such as having a relatively narrow width of the anterior 
margin of the distal tibia articular surface, and a shaft positioned roughly perpendicular to 
the ankle joint (DeSilva, 2009). These morphologies suggest that the foot of Au. anamensis 
was not habitually loaded in a dorsiflexed position (as occurs during vertical climbing bouts 
in apes), and that it contacted the ground on its plantar surface (i.e., was not inverted) (Ward 
et al., 2001; DeSilva, 2009). Whether the foot of Au. anamensis was also human-like with 
respect to arch morphology is unknown, however, and determination will have to wait until 
pedal fossils are discovered. 
For other hominin fossil individuals, finding that the DTSA is uninformative with 
respect to whether their foot had a longitudinal arch does not alter current reconstructions 
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of foot morphology because other—and arguably, more informative—fossil evidence has 
been used to reconstruct arch morphology. In the case of Au. sediba, there was 
disagreement about whether a longitudinal arch was present based on the morphology of 
the distal tibia and the pedal fossils (Zipfel et al., 2011; Prang, 2015). Zipfel and colleagues 
(2011) described two distal tibiae recovered from Malapa, including U.W. 88-97 and U.W. 
88-21, both of which exhibit a human-like, anteriorly-inclined DTSA, valued at 6.7 and 
4.9º, respectively (DeSilva, personal communication). The presence of an anterior tilt at 
the distal tibia was initially interpreted by Zipfel and colleagues (2011) to suggest that a 
longitudinal arch was present in Au. sediba, in spite of the fact that the overall ankle and 
foot morphology of the Malapa hominins exhibits a unique mosaic of primitive and derived 
traits. While the ankle of Au. sediba was human-like in having an anteriorly-inclined DTSA 
and a tibial shaft positioned perpendicular to the distal tibia articular surface, other aspects 
of the Au. sediba ankle, such as the presence of a robust medial malleolus, are ape-like 
(Zipfel et al., 2011). Similarly, the foot exhibits an ape-like large talar head and absence of 
a lateral plantar process on the calcaneus, combined with evidence for a human-like 
retrocalcaneal bursa and Achilles tendon (Zipfel et al., 2011). In a recent study, Prang 
(2015) argued that the angulation of the joint surfaces of the talus and calcaneus of Au. 
sediba indicated that it did not have a longitudinally-arched foot. One of the angles 
included in the Prang (2015) study—the cuboid facet angle of the calcaneus—will be 
discussed in the following chapter as having a statistically significant positive relationship 
with longitudinal arch height. The low value of this angle in Au. sediba is one line of 
evidence used by Prang (2015) to suggest that an arch was absent, and the results of Chapter 
3 in this dissertation are in support of this conclusion. Therefore, given that the anteriorly-
inclined DTSA was the only morphology cited to suggest that the feet of Au. sediba had a 
longitudinal arch, the results of this study lend support to the findings of Prang (2015) that 
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an arch was absent in the Malapa hominins. The reconstruction of Au. sediba as having flat 
feet is consistent with the presence of numerous ape-like morphologies of the medial foot 
and ankle which suggest that Au. sediba had a more mobile subtalar joint with a primitive 
mechanism of force transmission through hind-foot and ankle (Zipfel et al., 2011).  
The fossil hominin that featured most prominently in the DeSilva and 
Throckmorton (2010) study was A.L. 288-1 (“Lucy”), the only Au. afarensis specimen 
sampled to exhibit a posteriorly-inclined distal tibia. A.L. 288-1 has a DTSA value of -
5.0º, which is the most posteriorly-inclined distal tibia of all fossil hominins and near the 
median reported for chimpanzees and gorillas (DeSilva and Throckmorton, 2010). DeSilva 
and Throckmorton (2010) interpreted this morphology to suggest that Lucy was 
asymptomatically flat footed, given that other aspects of Lucy’s ankle morphology are 
human-like (DeSilva, 2009). No human in the current study exhibited a DTSA as low as 
Lucy’s, though DeSilva and Throckmorton (2010) reported a minimum DTSA of -5.0º for 
their X-ray sample. Therefore, Lucy’s DTSA is at the bottom of the observed range for 
modern humans, but fits at the center of the observed range for chimpanzees and gorillas 
(DeSilva & Throckmorton, 2010). Given the results of the current study, Lucy’s low DTSA 
value does not necessarily mean that she was flat footed, although she may have been. An 
alternative interpretation is that the posterior tilt of Lucy’s distal tibia is simply another 
example of a primitive morphology present in the A.L. 288-1 skeleton (Stern and Susman, 
1983). Stern and Susman (1983) noted that this “plantarflexion set” to Lucy’s distal tibia 
was consistent with the morphology of her distal fibula, which articulates with her talus in 
a very ape-like manner, permitting a large range of plantarflexion. Overall, the morphology 
of Lucy’s ankle joint is distinct from that of the large-bodied Hadar hominins in a number 
of ways, observations that initially led Stern and Susman (1983) to suggest that there were 
biomechanical differences in the bipedal locomotion of the small- and large-bodied 
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hominins at Hadar. The recently discovered KSD-VP-1/1 partial skeleton from Woranso-
Mille represents a large-bodied Au. afarensis individual that pre-dates Lucy (Saylor et al., 
2015). KSD-VP-1/1 preserves a distal tibia with a DTSA of 3.0º, a value more similar to 
other large-bodied Au. afarensis hominins from Hadar (e.g., A.L. 333-6 = 2.9º; A.L. 333-
7 = 5.5º; DeSilva and Throckmorton, 2010; Ryan and Sukhdeo, 2016; Table 2.3). While 
Ryan and Sukhdeo (2016) interpreted the anterior inclination of the KSD-VP-1/1 hominin 
as suggestive of the presence of a longitudinal arch, the more parsimonious explanation 
may be the one initially offered by Stern and Susman (1983), that there were differences 
in the locomotor repertoire between small and large-bodied members of Au. afarensis, and 
that large-bodied members of Au. afarensis had an ankle morphology that was more similar 
to modern humans. 
 
Functional Explanations for Variation in the Distal Tibia Sagittal Angle 
If the DTSA is not related to medial longitudinal arch height, then the question 
remains as to what functional explanation can be offered to explain the difference in its 
expression between humans and apes. Early functional explanations focused on inter-
specific differences in the range of motion allowed at the ankle joint. Davis (1964) was the 
first to comment on the morphology of the DTSA, and proposed that the anterior inclination 
of the human distal tibia was an adaptation to accommodate the large dorsiflexion angles 
produced just prior to the push-off phase of the bipedal gait cycle. Similarly, Stern and 
Susman (1983) argued that a posteriorly inclined distal tibia allowed apes to achieve large 
plantarflexion angles during hanging postures. These explanations are improbable, 
however, given logic previously discussed by DeSilva and Throckmorton (2010). First, 
humans are not unique in using large dorsiflexion angles. In fact, chimpanzees habitually 
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utilize greater dorsiflexion angles during vertical climbing (DeSilva, 2009), and they do so 
with a distal tibia presumably adapted to promote plantarflexion, not dorsiflexion. Second, 
humans are able to achieve large plantarflexion angles in spite of having a distal tibia 
presumably adapted to promote dorsiflexion, a feat particularly evident in professional 
ballet dancers (Hamilton et al., 1992). And while it has been shown that humans who 
habitually engage in climbing are capable of achieving chimpanzee-like degrees of 
dorsiflexion (Venkataraman et al., 2013), it is unclear how human plantarflexion compares 
to that observed in chimpanzees or other apes.  
Adult joint shape results, in part, from mechanical loads applied during growth 
(Frost, 1999). DeSilva and Throckmorton (2010) cited Heuter-Volkmann’s law as a 
possible explanation for why humans have an anteriorly-inclined distal tibia. They 
proposed that asymmetric compressive forces directed at the distal tibia would slow bone 
development along the anterior margin (where compression was highest), and leave bone 
development along the posterior margin uninterrupted. By this same logic, apes must then 
experience higher compressive loads and reduced bone development along the posterior 
margin of their distal tibia, and bone development should be uninterrupted along the 
anterior margin. Currently, there is little information about how the ankle joint is loaded 
during the early stages of locomotor independence that could be used to assess whether 
humans and apes experience greater loading of the anterior and posterior margins of their 
ankle joint, respectively. Recent work by Zeininger (2014) has shown that the direction of 
ground reaction forces changes with age and foot posture in human toddlers learning to 
walk, shifting from anterior to posterior as the toddler’s gait matures. Therefore, it is 
conceivable that chondrocyte proliferation and subsequent bone growth could be slowed 
along the anterior margin of the distal tibia in response to the anteriorly-located ground 
reaction forces in young toddlers, as opposed to the heightening of the longitudinal arch as 
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proposed by DeSilva and Throckmorton (2010). Whether chimpanzees and/or other apes 
experience more posteriorly-directed ground reaction forces during the early stages of 
locomotor development is unknown. Infant chimpanzees and gorillas are highly 
suspensory compared to adults, yet these early suspensory behaviors are primarily forelimb 
dominated (Doran, 1992; Doran, 1997). Data on the relative frequency of hind limb 
suspension is lacking for young apes, as is kinematic data for how behaviors such as 
vertical climbing and plantar-flexed hanging affect ankle joint loading.  
 Finally, it is worth noting that the mechanism of bone growth modulation proposed 
under Heuter-Volkmann Law is not the only way in which external, mechanical forces can 
affect bone growth. An alternative explanation follows the work of Frost (1997, 1999), 
who argued that, below a given threshold (which may be growth plate-specific), 
compressive loading will actually promote bone growth, rather than impede it. According 
to Frost (1997, 1999), it is only when compressive loads exceed a given threshold that bone 
growth will actually slow or cease all together. This understanding of skeletal physiology 
is directly opposite to that proposed under Heuter-Volkmann law, and therefore sets up the 
opposite set of predictions for the relationship between the location of compressive joint 
loading and subsequent bone growth for humans and apes. In other words, it is possible 
that humans have an anteriorly-inclined distal tibia with more bone present posteriorly 
because humans experience greater loading of the posterior margin of the tibia, and bone 
has developed in response to increased loading in that region. For apes, this scenario would 
dictate that they experience greater loading of the anterior margin of the distal tibia, and 
bone has developed in response to increased loading in that region. In this model, bone 
deposition occurs in areas that experience greater loading as a means of improving the 
bone’s ability to resist stress in that region. In the case of humans, therefore, it could be 
that the posteriorly-directed ground reaction forces experienced as the bipedal gait matures 
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actually promote bone growth along the posterior margin of the distal tibia as a means of 
mitigating loads across this region of the ankle joint (Zeininger, 2014). In the case of apes, 
perhaps behaviors such as climbing with a highly dorsiflexed foot increase stress across 
the anterior margin of the distal tibia, causing bone growth to increase in this region as a 
means of buttressing against the additional joint stress. Again, further information about 
human and ape ankle joint loading throughout ontogeny and during different behaviors is 
needed to adequately test these hypotheses. 
 
CONCLUSIONS 
 The majority of modern humans have an anteriorly-inclined distal tibia sagittal 
angle, though up to approximately 10% of the population may exhibit a 
posteriorly-inclined (i.e., ape-like) distal tibia. 
 The distal tibia sagittal angle is highly variable between individuals and 
populations. 
 The distal tibia sagittal angle appears to undergo age-related changes, becoming 
more anteriorly-inclined once adult foot size is achieved. However, these age-
related differences may be influenced by epiphyseal fusion. 
 In the current study sample, the distal tibia sagittal angle had no relation to 
medial longitudinal arch height, a result that is inconsistent with a previously 
published report (DeSilva & Throckmoron, 2010). 
 The results of the current study caution against using the distal tibia sagittal 





Figure 2.1: Comparison of the left distal tibia morphology of great apes and humans in 
lateral view. In great apes, as exhibited by Pan troglodytes, the anterior 
margin projects more inferiorly than the posterior margin, creating a 
posterior inclination of the joint surface. In Homo sapiens, the posterior 
margin projects more inferiorly than the anterior margin, creating an anterior 






























 N Mean SD Minimum Maximum 
 
Sex 
males 76 ---- ---- ---- ---- 




































low 6 ---- ---- ---- ---- 
low to average 75 ---- ---- ---- ---- 
average 19 ---- ---- ---- ---- 
average to high 2 ---- ---- ---- ---- 
Table 2.1 Descriptive statistics for the radiographic sample. Data were not available 

















Age Categories (years) 
1-2 2-4 4-6 6-12 12-20 >20 TOTAL 
7 10 9 16 9 128 179 
Norris Farms 21 16 4 10 15 30 96 
TOTAL 28 26 13 26 24 158 275 



























KNM-KP 29285 Au. anamensis -1.8 DeSilva & Throckmorton, 2010 
KSD-VP-1/1e Au. afarensis 3.0 Ryan & Sukhdeo, 2016 
A.L. 333-6 Au. afarensis 2.9 DeSilva & Throckmorton, 2010 
A.L. 333-7 Au. afarensis 5.5 DeSilva & Throckmorton, 2010 
A.L. 288-1 Au. afarensis -5.0 DeSilva & Throckmorton, 2010 
StW 358 Au. africanus 4.2 DeSilva & Throckmorton, 2010 
StW 389 Au. africanus 3.7 DeSilva & Throckmorton, 2010 
U.W. 88-21 Au. sediba 4.0 DeSilva, personal communication 
U.W. 88-97 Au. sediba 6.7 DeSilva, personal communication 
KNM-ER 1481 early Homo -2.1 DeSilva & Throckmorton, 2010 
KNM-ER 1500 P. boisei (?) 3.7 DeSilva & Throckmorton, 2010 
KNM-ER 2596 species unknown 0.8 DeSilva & Throckmorton, 2010 
OH-35 early Homo 4.8 DeSilva & Throckmorton, 2010 
StW576 early Homo -3.0 DeSilva & Throckmorton, 2010 
KNM-WT 15000 Homo erectus 1.8 DeSilva & Throckmorton, 2010 
Table 2.3: Summary of distal tibia sagittal angle (DTSA) values reported for fossil 














Figure 2.2: Measurement of the distal tibia sagittal angle (τ); talar declination angle (θ); 
and  calcaneal inclination angle () on digital lateral foot and ankle 
radiographs. DTSA was calculated as 90º-τ. Positive values indicate an 











Figure 2.3: Linear measurements used to calculate the navicular height index and talar 
height index of longitudinal arch height.  = talar head height;  = navicular 
height; and  = bony foot length. Navicular height index was calculated as 











Figure 2.4: Measurement of the distal tibia sagittal angle (DTSA) of adult remains on 
digital photographs of a left tibia from the human osteological sample. 
DTSA was calculated as 90º-β. Positive values indicate an anteriorly-



























Figure 2.5: Scatter-plot of DTSA measurements taken by author during data collection 
for full study (A) and during data collection for a pilot study (B) on a subset 





Figure 2.6: Scatter-plot of DTSA measurements taken by author (DTSA Observer 1) 
and measurements taken by second observer (DTSA Observer 2) on a subset 









Figure 2.7: Measurement of the distal tibia sagittal angle of juvenile remains on digital 
photographs of a left tibia from the human osteological sample. DTSA was 
calculated as 90º-δ at the metaphyseal margin, and 90º-λ at the epiphyseal 
margin. Positive values indicate an anteriorly-inclined DTSA; negative 
























Figure 2.8: Scatter-plot showing the relationship between DTSA values measured at the 
























calcaneal inclination angle 119 19.68 5.17 4.58 37.07 
talar declination angle 118 25.89 6.01 13.30 43.56 
navicular height index 103 0.16 0.03 0.10 0.23 
talar height index 113 0.24 0.03 0.17 0.34 
 
Calcaneal Inclination Angle (CIA) 
“low” 6 14.00 6.07 4.58 20.87 
“low to average” 79 19.20 4.94 8.34 29.08 
“average” 19 21.37 3.52 14.7 26.57 
“average to high” 2 25.64 3.76 22.98 28.30 
 
Talar Declination Angle (TDA) 
“low” 6 26.42 10.88 13.30 43.56 
“low to average” 78 26.62 5.66 14.04 37.75 
“average” 19 23.63 5.79 13.90 32.77 
“average to high” 2 20.09 5.62 16.11 24.06 
 
Navicular Height Index (NHI) 
“low” 4 0.13 0.03 0.10 0.17 
“low to average” 72 0.15 0.03 0.10 0.23 
“average” 12 0.16 0.02 0.14 0.20 
“average to high” 2 0.19 0.004 0.19 0.20 
 
Talar Height Index (THI) 
“low” 5 0.21 0.04 0.17 0.26 
“low to average” 76 0.24 0.03 0.18 0.34 
“average” 17 0.25 0.02 0.23 0.28 
“average to high” 2 0.28 0.01 0.27 0.29 
Table 2.4: Descriptive statistics for the four radiographic measures of longitudinal arch 
height across the entire sample, and for each measure between those 
described as having “low”, “low to average”, “average”, and “average to 
high” arches.  
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Figure 2.9A:  Box-plot of the median and interquartile range of the calcaneal inclination 
 angle for the radiographic sample across four arch height categories. 
 Significant differences in the DTSA between categories are marked with 









Figure 2.9B:  Box-plot of the median and interquartile range of the talar declination 











Figure 2.9C:  Box-plot of the median and interquartile range of the navicular height 










Figure 2.9D:  Box-plot of the median and interquartile range of the talar height index for 
 the radiographic sample across four arch height categories.  Significant 









Distal Tibia Sagittal Angle (DTSA) N Mean SD Min Max 
complete radiographic sample 114 4.37 3.17 -2.93 12.71 
“low” 6 3.45 1.59 0.62 5.37 
“low to average” 75 4.44 3.23 -2.93 12.71 
“average” 19 2.96 4.03 -9.10 10.10 
“average to high” 2 1.62 2.10 0.13 3.10 
Table 2.5: Descriptive statistics for the distal tibia sagittal angle (DTSA) for the 




















Figure 2.10: Box-plot of the median and interquartile range of the distal tibia sagittal 
 angle (DTSA) of individuals in the radiographic sample grouped 
 according to the podiatrist’s description of their longitudinal arch as being 
 of low, low to average, average, or average to high, in height. A DTSA of 










Radiographic Measure of 






calcaneal inclination angle 
          anteriorly inclined 







1 483.00 0.487 
talar declination angle 
          anteriorly inclined 







1 2.554 0.110 
navicular height index 
          anteriorly inclined 







1 0.514 0.474 
talar height index 
          anteriorly inclined 







1 0.281 0.596 
Table 2.6: Results of non-parametric Kruskal-Wallis Test for differences in 
longitudinal arch height between individuals with a posteriorly-inclined and 
















Radiographic Measure of Arch Height Pearson’s r p-value 
calcaneal inclination angle 0.13 0.14 
talar declination angle -0.16 0.08 
navicular height index  0.01 0.92 
talar height index 0.07 0.45 
Table 2.7: Correlation coefficients of distal tibia sagittal angle and radiographic 






















Figure 2.11A: Scatter-plot of the distal tibia sagittal angle (DTSA) and calcaneal 
 inclination angle, a radiographic measure of longitudinal arch height 












Figure 2.11B: Scatter-plot of the distal tibia sagittal angle (DTSA) and talar declination 
 angle, a radiographic measure of longitudinal arch height (r = -0.16, 












Figure 2.11C: Scatter-plot of the distal tibia sagittal angle (DTSA) and navicular height 
 index, a radiographic measure of longitudinal arch height (r = 0.01, 











Figure 2.11D: Scatter-plot of the distal tibia sagittal angle (DTSA) and talar height 














SAMPLE N MEAN SD MIN MAX 
1-2 MI 7 7.44 2.35 4.54 10.84 
NF 21 2.14 4.44 -6.00 9.00 
2-4 MI 10 5.22 2.53 1.64 9.70 
NF 16 4.63 3.52 -1.00 9.00 
4-6 MI 9 5.55 3.42 -0.78 10.14 
NF 4 1.75 1.26 0.00 3.00 
6-12 MI 16 3.83 4.98 -10.27 9.91 
NF 10 6.50 5.68 -4.00 12.00 
12-20 MI 9 6.30 2.33 4.17 11.56 
NF 15 8.40 3.46 0.00 12.00 
>20 MI 128 5.68 3.18 -2.59 15.85 
NF 28 7.61 3.31 -1.00 14.00 
TOTAL PER 
SAMPLE 
MI 179 5.59 3.32 -10.27 15.82 





275 5.63 3.75 -10.27 15.82 















Figure 2.12: Box-plot of the distal tibia sagittal angle for the entire Mis Island and Norris 
Farms populations. A DTSA of 0° = neutral; DTSA > 0° = anteriorly-











Figure 2.13: Box-plot of the median and interquartile range of the distal tibia sagittal 
angle (DTSA) for the combined Mis Island and Norris Farms populations 
across six age categories. Significant differences in the DTSA between age 









Figure 2.14A: Box-plot of the median and interquartile range of the distal tibia sagittal 
 angle for individuals in the radiographic sample grouped according to the 
 podiatrist’s description of their longitudinal arch height. The DTSA of 











Figure 2.14B: Box-plot of the median and interquartile range of the distal tibia sagittal 
 angle for individuals in the radiographic sample grouped according to the 
 podiatrist’s description of their longitudinal arch height. The DTSA of 









Sample (N) Mean SD Min Max Range 
 
Present Study 
Mis Island (128) 5.68 3.2 -2.59 15.9 18.5 
Norris Farms (28) 7.61 3.3 -1.00 14.0 15.0 
radiographs (114) 4.37 3.2 -2.93 12.7 15.6 
 
DeSilva & Throckmorton, 2010 
radiographs (261) 4.0 3.6 -5.0 18.0 23.0 
Hamann-Todd (24) 3.0 2.7 -3.0 8.0 11.0 
Libben (45) 5.9 3.1 -1.0 13.0 14.0 
Unprovenienced – Univ. of Michigan 
(66) 
2.8 2.3 -4.0 8.0 12.0 
Table 2.9: Descriptive statistics of variation in the DTSA for adult samples included in 















Chapter 3: An Osteological Correlate of Longitudinal Arch Height in 
the Human Calcaneus  
 
INTRODUCTION 
The calcaneus is the weight-bearing bony structure of the hind foot that acts as the 
“posterior pillar” of the human longitudinal arch (Morton, 1924). Comparative studies of 
human and ape foot bone shape have shown that their calcaneal morphologies differ in 
numerous ways (Weidenreich, 1923; Elftman & Manter, 1935b; Harcourt-Smith, 2002; 
DeSilva, 2009), and some morphological distinctions may be related to the presence of the 
longitudinal arch in humans (Berillon, 2003; Prang, 2015). Humans are known to exhibit 
variation in longitudinal arch height, however, and many humans are flat-footed 
(Hoffmann, 1905; Staheli et al., 1987; Cavanagh et al., 1997; Morag & Cavanagh, 1999; 
Wunderlich & Cavanagh, 2001; D’Août et al., 2009). Whether human variation in 
longitudinal arch height could be driven, in part, by variation in calcaneal morphology is 
unknown.  
While human and ape calcanei differ in many aspects of their morphology, the 
primary feature that has been argued to reflect a difference in arch presence versus arch 
absence is the angle of the cuboid facet of the distal calcaneus (Berillon, 2003). In humans, 
the distal end of the calcaneus is elevated from a horizontal position to articulate with the 
cuboid at the keystone position of the lateral column of the longitudinal arch. Apes, 
however, have a calcaneus that is positioned horizontally within the foot. Berillon (2003) 
described the cuboid facet of the distal calcaneus as having a plantar-inclination in humans, 
and a neutral angle in apes, reflecting this difference in calcaneal position. In other words, 
humans have a cuboid facet that is angled plantarly, away from the calcaneal body to a 
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degree greater than 90° (when viewed laterally), while the cuboid facet of the ape calcaneus 
is near, or slightly less than, a 90° angle relative to the calcaneal body (Berillon, 2003; 
Figure 3.1). Given this distinction, Berillon (2003) proposed that the obliquity of the 
cuboid facet of the calcaneus could serve as an architectural marker of the longitudinal 
structure of the lateral column of the foot. More specifically, hominin calcanei with a 
cuboid facet near 90° should be considered to have lacked a longitudinal arch, while those 
who exhibit a cuboid facet angle greater than 90° likely had an arch. This feature was 
recently included in a study by Prang (2015) who examined the cuboid facet angle and 
other features of talar and calcaneal joint morphology to assess whether a longitudinal arch 
was present in Australopithecus sediba and other fossil hominins. However, the 
relationship between the cuboid facet angle and longitudinal arch height has not been 
directly tested in a sample of humans known to exhibit variation in arch height. If a 
plantarly-inclined cuboid facet is a characteristic of the human calcaneus, then flat-footed 
humans may also have a plantarly-inclined cuboid facet. If this were so, then it would be 
possible to have a “human-like” cuboid facet angle yet also have a flat foot. Alternatively, 
it may be that flat-footed humans exhibit a cuboid facet that is more neutrally-aligned, or 
“ape-like”, in which case a calcaneus could exhibit an ape-like cuboid facet angle, yet still 
have belonged to a biped, albeit a flat-footed one. 
To date, no study has reported the degree to which humans exhibit variation in the 
cuboid facet angle of the calcaneus, nor has the relationship between this angle and 
longitudinal arch height been tested. Clinical studies have shown, however, that variation 
in human longitudinal arch height is driven, in part, by variation in the elevation of the 
distal calcaneus within the foot (e.g., Simkin et al., 1989; Saltzman et al., 1995; Cavanagh 
& Morag, 1997; Morag & Cavanagh, 1999). Basic geometric principles dictate that the 
obliquity of the cuboid facet should be directly correlated to the elevation of the calcaneus, 
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and therefore, the height of the longitudinal arch, as long as the cuboid facet is aligned in 
a consistent position within the foot between individuals (Figures 3.2 A-B). If the cuboid 
facet (i.e., calcaneocuboid joint) is aligned in the vertical coronal plane, for example, then 
any increase in the plantar inclination of the cuboid facet must be accommodated by a 
geometrically-similar increase in the elevation of the distal calcaneus in order to maintain 
congruency between the cuboid facet and the vertical plane (Figures 3.2 A-B). Given this 
relationship, there should be a direct positive correlation between the cuboid facet angle 
and calcaneal elevation (i.e., longitudinal arch height).  
A second osteological feature of the calcaneus that has been proposed to have a 
relationship with longitudinal arch height is the angle of the sustentaculum tali relative to 
the calcaneal body (Gould et al., 1989). The sustentaculum tali is a bony shelf on the medial 
aspect of the calcaneus that supports the head of the talus as part of the subtalar joint. 
According to a report by Gould and colleagues (1989), the development and position of 
the sustentaculum tali has a direct effect on the height of the medial longitudinal arch due 
to its role in supporting the talar head. A cranially-angled sustentaculum tali positions the 
talus directly above the calcaneus, contributing to the formation of a well-developed arch. 
In contrast, a neutral or caudally-angled sustentaculum tali is unable to effectively support 
the talar head, resulting in medial deviation of the talus and excessive pronation of the foot 
(Gould et al., 1989; Figure 3.3). To date, the sustentaculum tali angle has not been cited 
as a means of assessing whether a hominin had a longitudinally-arched foot. However, the 
angle of sustentaculum tali relative to the medial calcaneal body could be a useful feature 
for reconstructing hominin foot morphology if it can be shown to have a direct positive 
relationship with arch height. 
The goals of this study are three-fold. First, this study directly tests the relationship 
between the cuboid facet angle, sustentaculum tali angle, and longitudinal arch height for 
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a sample of humans known to exhibit variation in arch height using a sample of lateral foot 
and ankle radiographs and magnetic resonance images. Second, this study further examines 
whether the cuboid facet angle changes throughout ontogeny over the period of 
longitudinal arch development using a sample of human osteological remains. And third, 
this study investigates the range of adult variation, gender differences, and population 
differences in the cuboid facet angle (as a proxy for longitudinal arch height) in the 
osteological sample. 
 
MATERIALS AND METHODS 
Sample 
X-rays 
The X-ray sample used in this study was previously described in Chapter 2. To 
summarize, the sample includes 123 digital X-ray files of the foot and ankle in lateral view 
taken from a standing, weight-bearing position. Each X-ray is anonymous, but is associated 
with the following biographical and anthropometric information: sex, age, weight, and 
body mass index. The podiatrist’s description and categorical classification of the patient’s 
longitudinal arch as either “low”, “low to average”, “average”, “average to high”, or “high” 
was also included. This classification was based on an observation of the external foot (as 
opposed to an X-ray). 
 
Magnetic Resonance Images (MRI) 
The second sample includes 19 Magnetic Resonance Images (MRIs) of the feet of 
healthy adults from the Boston University community. MRI collection protocol has been 
described elsewhere (see DeSilva et al., 2015). In brief, MRI scans were performed at the 
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Center for Biomedical Imagery at Boston University, where a Tesla Philips Acheiva 
scanner was used to collect proton-density weighted images at a resolution of 0.6 mm. 
These MRI scans are under the care of, and were provided by, Dr. Jeremy DeSilva, 
Department of Anthropology, Dartmouth College. Each MRI is anonymous, but is 
associated with the following biographical and anthropometric information: sex, age, 
height, leg length, weight, body mass index, and longitudinal arch height (measured as a 
Chippaux-Smirak Index). It should be noted, however, that the MRI scans were collected 
with the subject in a supine position and are non-weight bearing. Therefore, measurements 
of longitudinal arch height taken from these images are interpreted with caution.  
 
Human Osteological Remains 
The human osteological sample includes the calcanei of skeletonized individuals 
from two archaeological populations (Mis Island and Norris Farms) previously described 
in Chapter 2. Table 3.1 summarizes the number of calcanei included in the study grouped 
according to the estimated age of the individual. 
 
Fossil Hominins 
Cuboid facet angle values for fossil hominins were collected from the published 




Longitudinal Arch Height 
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Longitudinal arch height was quantified following the previously described 
protocol from Chapter 2. To summarize, Image J NIH software was used to measure the α) 
Calcaneal Inclination Angle = angle between the inferior surface of the calcaneus and the 
horizon; and θ) Talar Declination Angle = angle between a line that bisects the neck and 
head of the talus and the horizon (Figure 3.4A). Also, linear measurements of navicular 
height, talar height, and bony foot length were collected and used to calculate a navicular 
height index (navicular height divided by bony foot length) and a talar height index (talar 
head height divided by bony foot length) (Figure 3.4B).  
 
 
Cuboid Facet Angle 
The prediction that a larger cuboid facet angle (i.e., more plantarly-inclined facet) 
is directly correlated with longitudinal arch height is based on the assumption that the 
cuboid facet is aligned along a vertical plane within the foot. Therefore, the position of the 
cuboid facet relative to the vertical plane was measured on each X-ray to test this 
assumption using ImageJ NIH software. The deviation of the cuboid facet from the vertical 
plane was measured using the angle measure tool as the angle enclosed between the flattest 
margin of the cuboid facet articular surface and the vertical plane. Deviations of the angle 
distal to the vertical plane are positive, while those angled proximal to the vertical plane 
are negative (Figure 3.5). 
The cuboid facet angle was then measured on each X-ray using ImageJ NIH 
software. The angle measure tool was used to quantify the angle enclosed between the 
cuboid facet and the plantar surface of the calcaneus (in lateral view; modified from 
Berillon, 2003; Figure 3.6). The cuboid facet surface is variable in lateral appearance 
between individuals, with some exhibiting a flat lateral margin of the articular surface 
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along its entire length, and others exhibiting a small curved dorsal projection distally 
beyond the articular surface (see arrow in Figure 3.6). Here, the cuboid facet angle was 
measured along the flattest margin of the joint surface given that this is the primary articular 
surface of the joint. 
 
Magnetic Resonance Images (MRI) 
OsiriX DICOM image viewer software was used to collect linear and angular 
measurements of foot bone shape from the MRIs. The MRI of each subject was viewed 
using the 3D viewer, which allowed for simultaneous viewing of the foot from three 
orthogonal planes (Figure 3.7). Using the pan, rotate, and zoom tools, the calcaneus was 
positioned so that it was displayed in sagittal, coronal, and transverse cross-sections that 
bisected the element along the mid-sagittal, mid-coronal, and mid-transverse planes. Once 
the bone was in this position, the linear and angular measurement tools were used to 
measure the angles of interest (described below).  
 
 
Longitudinal Arch Height 
Longitudinal arch height was quantified on both the external surface and from the 
internal, bony anatomy, for each individual. The Chippaux-Smirak index (CSI) was used 
by DeSilva and colleagues to quantify longitudinal arch height (DeSilva et al., 2015). The 
CSI measures longitudinal arch height from footprints, and is the ratio between the 
minimum width of the mid-foot and the maximum width across the metatarsal heads. 
Because variation in soft tissue anatomy may affect measures of longitudinal arch height 
from external anatomy (Saltzman et al., 1995), however, longitudinal arch height was also 
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quantified from the bony anatomy present in the MRI scans. OsiriX DICOM image viewer 
software was used to collect linear measures of bony foot length (medial and lateral), 
navicular height, and cuboid height. These metrics were then used to calculate a navicular 
height index (navicular height / medial bony foot length) and a cuboid height index (cuboid 
height / lateral bony foot length) of longitudinal arch height (Figure 3.8). Recall, however, 
that the MRI scans were collected with the subject in a supine position and are non-weight 
bearing. Due to deformation of the midfoot region that result from weight-bearing, the foot 
length used to calculate these indices is likely an under-estimate of foot length, while the 
navicular and cuboid heights are likely an over-estimate. Nevertheless, these indices offer 
a way to quantify the bony arch height of each individual. 
 
Cuboid Facet Angle 
 OsiriX DICOM image viewer software was used to quantify the cuboid facet angle 
on the MRI scans. First, the pan and rotation tools were used to position the foot in 
anatomical position with the dorsal aspect of the talar trochlea aligned in the horizontal 
plane. The image layers were then scrolled through in the sagittal plane viewer until the 
view box showed the lateral calcaneus. The angle tool was used to measure the cuboid facet 
angle according to the two protocols described above (Figure 3.9). 
 
Sustentaculum Tali Angle 
 The sustentaculum tali angle was measured on the MRI sample using OsiriX 
DICOM image viewer software. First, the pan and rotation tools were used to position the 
foot in anatomical position with the dorsal aspect of the talar trochlea aligned in the 
horizontal plane. The image layers were then scrolled through in the coronal plane viewer 
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until the view box showed the distal calcaneus. The sustentaculum tali angle was measured 
using the angle tool as the angle enclosed between the medial wall of the calcaneal body 
and the plantar surface of the sustentaculum tali (Figures 3.10 A-B). 
 
Human Osteological Remains 
 
Cuboid Facet Angle 
Digital photographs were taken with the lateral calcaneus aligned parallel to the 
camera lens in order to mimic the orientation of the calcaneus in the X-rays. ImageJ NIH 
software was used to measure the cuboid facet angle (CFA), defined as the angle enclosed 
between a line drawn along the flattest margin of the cuboid facet and a line along the 
plantar-most aspect of the calcaneus (Figure 3.11A). 
 On the youngest individuals in the sample, it was not always possible to measure 
the CFA because the cuboid facet of the calcaneus is convex distally, and there was not a 
flat margin on the joint surface. Therefore, an index of curvature of the distal calcaneus 
was calculated in order to test for age-related changes in curvature, and to determine at 
what age the cuboid facet becomes flattened. First, digital photographs were taken of the 
calcaneus in lateral view with the calcaneal body aligned parallel to the camera lens. 
Second, ImageJ NIH software was used to measure the dorso-plantar height of the cuboid 
facet articular surface at the dorsal and plantar points where the articular surface transitions 
to the calcaneal body (Figure 3.11B, line “B”). Third, the perpendicular distance between 
the mid-point of line B and the distal-most aspect of the calcaneus was measured (Figure 
3.11B, line “A”). The cuboid facet curvature index was then calculated as the quotient of 
A/B. Where possible, both the CFA and the curvature index were measured, as represented 
in Figure 3.11B. 
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 Intra-rater repeatability of measure for the cuboid facet angle was assessed for a 
subset of calcanei from the Mis Island sample. A subset of calcanei (N = 60) were 
photographed and measured as part of a pilot version of this study (Heard-Booth, 2013). 
These CFA values were compared to those measured on new photographs taken 
approximately 18 months later when data was collected for the full study. The correlation 
between these two measures was r = 0.939 (p < 0.001), indicating that the CFA has a high 
repeatability of measure (Figure 3.12). 
 
Data Analysis 
Relationship between Calcaneal Morphology and Longitudinal Arch Height 
This study investigates whether two aspects of calcaneal morphology, the cuboid 
facet angle and the sustentaculum tali angle, are positively correlated with longitudinal arch 
height. First, descriptive statistics were calculated for the radiographically-obtained 
measurements of the deviation of the cuboid facet from the vertical plane in order to test 
the assumption that this joint surface is positioned vertically within the foot. Second, 
correlation statistics were used to examine the relationship between the cuboid facet angle 
and each of the four radiographic measures of longitudinal arch height. Also, the cuboid 
facet angle was compared between the four podiatrist designated arch height categories 
using a one-way ANOVA to determine whether there was an increase in the cuboid facet 
angle with arch height. Third, a correlation test was used to examine the relationship 
between the cuboid facet angle and the three measures of longitudinal arch height 
associated with each MRI, including two indices calculated from the MRI and the 
Chippaux-Smirak Index measured from the individual’s footprint. The relationship 
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between the sustentaculum tali angle and these three measures of longitudinal arch height 
was also investigated.  
 
Ontogenetic and Adult Variation in the Cuboid Facet Angle 
Descriptive statistics were calculated for the cuboid facet angle in the 
archaeological samples. These statistics were calculated for the complete archaeological 
samples and for six age categories within each of the two archaeological samples. The six 
age categories are as follows: 1-2 years (early bipedal walkers that lack a longitudinal arch); 
2-4 years (bipedal walkers beginning to develop a longitudinal arch); 4-6 years (bipedal 
walkers with a developing longitudinal arch); 6-12 years (bipedal walkers with a developed 
longitudinal arch and a growing foot); 12-20 years (bipedal walkers with a developed 
longitudinal arch and adult-sized foot, but continue to grow in stature); and 20+ (bipedal 
walkers with an adult foot size and stature). Age-related variation in the cuboid facet angle 
was investigated using either a nonparametric Kruskal-Wallis test or parametric one-way 
analysis of variance (ANOVA), where appropriate. Adult variation in the cuboid facet 
angle was investigated between sexes and between populations using an independent 
samples t-test. 
All statistical analyses were carried out using SPSS version 23.0 (IMB). 
 
RESULTS  
Cuboid Facet Angle and Longitudinal Arch Height 
The proposed positive relationship between the cuboid facet angle and the calcaneal 
inclination angle (i.e., longitudinal arch height) is based on the assumption that the cuboid 
facet is aligned with a vertical plane within the foot. The deviation of the flattest margin of 
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the cuboid facet from a vertical plane was measured on 119 X-rays to test this assumption. 
The flattest margin of the cuboid facet has an average deviation of -0.10º from a vertical 
plane (Table 3.3). Figure 3.13 shows a histogram of the distribution of vertical deviation 
values measured at the flattest margin of the cuboid facet surface. The deviation of the 
cuboid facet is normally distributed (skewness = 0.016) around a mean of -0.10º. The 
kurtosis of the curve is 0.679, indicating that the distribution has light tails with few 
outliers. These data indicate that the cuboid facet is often aligned at or near a vertical plane 
(0º) within the foot, though the position of this joint surface has a small degree of inter-
individual variation. 
The cuboid facet angle of the calcaneus was measured on 119 X-rays and 17 MRIs. 
All individuals exhibit a plantar inclination of the cuboid facet (CFA > 90°), consistent 
with the findings of Berillon (2003) and Prang (2015) (Table 3.3). The cuboid facet angle 
is variable between individuals, however, with a total range of 33.04º (Min = 94.8º, Max = 
127.84º) for individuals in the X-ray sample and a range of 14.81º (Min = 96.12º, Max = 
110.93º) for those in the MRI sample. The range of variation is smaller for the individuals 
in the MRI sample than the X-ray sample, and this difference is likely the result of a much 
smaller sample size in the former. 
Table 3.4 summarizes the descriptive statistics for the cuboid facet angle across the 
four arch height categories based on the podiatrist’s description of the external appearance 
of the individual’s longitudinal arch. Figure 3.14 shows a box-plot of the median and 
interquartile range of the CFA across the four arch height categories. Results of a one-way 
ANOVA found that the cuboid facet angle did not differ significantly between arch height 
categories [F(3, 102) = 1.004, p = 0.394]. 
Table 3.5 lists the correlation coefficients for the cuboid facet angle and measures 
of longitudinal arch height for the X-ray and MRI samples. For the X-ray sample, the 
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cuboid facet angle was significantly positively correlated with the calcaneal inclination 
angle (r = 0.62, p < 0.001) and the talar height index (r = 0.238, p < 0.011) (Table 3.5; 
Figure 3.15 A-B). The cuboid facet angle did not exhibit a significant correlation with the 
talar declination angle or the navicular height index, however. For the MRI sample, the 
cuboid facet angle was not significantly correlated with any of the three measures of 
longitudinal arch height (Table 3.5).  
 
Sustentaculum Tali Angle and Longitudinal Arch Height 
The sustentaculum tali angle was measured on 17 MRI scans, where all individuals 
were found to exhibit a sustentaculum tali angle that was cranially-directed (i.e., > 90º) 
(Table 3.3). Table 3.6 lists the correlation coefficients for the sustentaculum tali angle and 
the three measures of longitudinal arch height for the MRI sample. The angle of the 
sustentaculum tali relative to the medial border of the calcaneus was not significantly 
correlated with any measure of longitudinal arch height, indicating that a more cranially-
directed sustentaculum tali was not associated with a higher arch in this sample.  
 
Ontogenetic and Adult Variation in the Cuboid Facet Angle 
This study further examined human variation in the cuboid facet angle in a large 
sample of skeletonized human remains. Table 3.7 presents the descriptive statistics for the 
cuboid facet angle of the calcaneus for the two archaeological populations (N = 241). 
Results of an independent t-test found no statistical difference in mean cuboid facet angle 
between calcanei estimated to have belonged to males and those estimates to have belonged 
to females in the Mis Island [t(155) = 0.050, p = 0.960] or Norris Farms [t(24) = 0.237, p 
= 0.815] populations. Note that it was not possible to estimate sex for all individuals, so 
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the sample sizes used in this comparison are lower than adult sample sizes used for 
subsequent analyses. Given that a sex difference was not detected, males and females were 
combined for the adult sample. 
An independent samples t-test found no difference in mean cuboid facet angle when 
the entire Mis Island and Norris Farms samples were compared [t(239) = -0.816, p = 0.415), 
when just adult individuals were compared [t(187) = -1.452, p = 0.148), or when just 
juvenile individuals were compared [t(49) = -0.924, p = 0.360). Therefore, data from the 
two samples were combined to test for age-related differences in cuboid facet angle. 
The cuboid facet curvature index was measurable on 11 calcanei belonging to 
individuals aged 1 to 6 years (Table 3.8). The mean curvature index was similar in those 
aged 1-2 years (Mean = 0.245) and those aged 2-4 years (Mean = 0.235), and then 
decreased in those aged 4-6 years (Mean = 0.133) (Figure 3.16). A Kruskal-Wallis test 
found no difference in the distribution of the curvature index across age categories (Χ2 = 
2.933, df = 2, p = 0.231). However, it is possible that the lack of significance is due to the 
small sample sizes, as Figure 3.16 shows that the cuboid facet becomes less round and 
more flattened by 6 years of age. Moreover, it was possible to measure the cuboid facet 
angle (i.e., and not calculate the curvature index) on most of the calcanei estimated to have 
belonged to juveniles aged 4-6 years, offering additional evidence to support the claim that 
the facet becomes flattened around the age of 6 years. 
A one-way ANOVA test was performed to investigate whether the mean cuboid 
facet angle differed significantly between age categories. Because the cuboid facet angle 
was measured on just one individual aged 1-2 years, this individual was included with the 
2-4 years age range to create a new age range of 1-4 years. Estimated age had a significant 
effect on cuboid facet angle for the combined archaeological samples [F(4, 235) = 3.737, 
p = 0.006] (Figure 3.17) . However, a post-hoc Tukey HSD test did not identify any 
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significant pairwise comparisons between age categories, which may result from the 
conservative nature of the Tukey test. Of the pairwise comparisons performed, the greatest 
difference in the cuboid facet angle was detected between those aged 4-6 years and those 
greater than 20 years of age (Mean Difference = 6.44, p = 0.092), though this difference 
was not statistically significant. Figure 3.17 shows that the median cuboid facet angle is 
lowest in the youngest individuals and is highest in those aged 12-20 and 20+ years. Rather 
than a gradual increase in the cuboid facet angle with age, there appears to be a difference 
in the median cuboid facet angle in those aged 1-12 years and those older than 12 years. 
This difference could be related to the fact that the proximal calcaneal epiphysis fuses after 
age 12 (15-16 years in females, 18-20 years in males; Scheuer & Black, 2004), indicating 
that there is a difference in the cuboid facet angle between those with an unossified 
proximal epiphysis and those with an ossified (and fused) epiphysis. As predicted, 
however, there appears to be little difference in the cuboid facet angle between the 12-20 
and 20+ age ranges, consistent with reports that foot growth is complete in the early teenage 
years. 
Following the observation that there is a difference in the median cuboid facet angle 
between those under and over the age of 12 years, an independent samples t-test was 
performed to determine if there was significant difference in the mean cuboid facet angle 
between these two groups. Results of the t-test show that there is a significant difference 
in the mean cuboid facet angle between those aged 1-12 years and those aged 12+ years [t 
= -3.706, p < 0.001]. Figure 3.18 shows a box-plot of the median and interquartile range 
of the distribution of the cuboid facet angle between these two age categories. While a 
statistical difference in the mean was detected between these two groups, Figure 3.18 
shows that there is a considerable degree of overlap in their distributions. 
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Hominin Calcanei and Longitudinal Arch Height 
Cuboid facet angle measurements were recently published by Prang (2015) for 
MH2 (U.W. 88-99, Australopithecus sediba), OH-8 (early Homo) and Omo 33-74-896 
(early Homo) (Table 3.3). Table 3.9 lists the cuboid facet angle values for fossil hominins 
alongside the values recorded for humans in the current study, as well as previously 
published values for apes and humans (Prang, 2015). Figure 3.19 shows where these fossil 
hominins fall on a regression line of the calcaneal inclination angle and cuboid facet angle 
for the X-ray sample. Given that OH-8 has the highest cuboid facet angle of the three 
hominins (108°), this specimen is predicted to have had the highest calcaneal inclination 
angle, i.e., longitudinal arch. Omo 33-74-896 and MH2 have cuboid facet angles of 99° 
and 98°, respectively, and are predicted to have had a lower calcaneal inclination angle, 
i.e., a lower arch. Figure 3.20 plots the cuboid facet angles of the hominins alongside box-
plots of the median and interquartile range of the cuboid facet angle for individuals with 
“low”, “low to average”, “average”, and “average” to high arches. Here, it is clear that the 
cuboid facet values of Omo 33-74-896 and MH2 fall below the range of cuboid facet values 
for individuals with “average” and “average to high” arches, and are within the range of 
individuals described as having “low” or “low to average” arches. The cuboid facet value 
of OH-8 (108°) is close to the mean value for this radiographic sample (Mean = 109.2°).  
 
DISCUSSION 
Cuboid Facet Angle and Calcaneal Inclination (Longitudinal Arch Height) 
This study is the first to directly test the relationship between aspects of calcaneal 
morphology and longitudinal arch height in a sample of humans known to exhibit variation 
in arch height. The results of this study show that variation in the cuboid facet angle of the 
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calcaneus is positively correlated with two measures of longitudinal arch height in the X-
ray sample, including the calcaneal inclination angle and talar height index. The positive 
correlation between the cuboid facet angle and the calcaneal inclination angle is consistent 
with predictions based on geometric principles. In other words, if the cuboid facet is 
aligned with a vertical plane within the foot, then any increase in the calcaneal inclination 
must be accompanied by an increase in the cuboid facet angle, or vice versa. This study 
found that the cuboid facet is aligned with, or very near, a vertical plane within the foot, 
though there is some variation in its alignment between individuals. It is possible that 
variation in the cuboid facet alignment explains some of the variation in the relationship 
between the cuboid facet angle and calcaneal inclination. The cuboid facet angle was also 
positively correlated with the talar height index in the radiographic sample, though only a 
small proportion of the variation in the talar height index was explained by the cuboid facet 
angle.  
In the MRI sample, the cuboid facet angle was not correlated with any of the three 
measures of longitudinal arch height. There are a number of possible explanations for this 
finding. First, the MRI sample was much smaller than the radiographic sample, and may 
not have included individuals from the entire arch height continuum. Second, two of the 
three measures of arch height (the navicular height index and cuboid height index) may not 
accurately represent an individual’s arch height because the MRIs were taken with the 
individual in a supine, non-weight-bearing position. Therefore, these indices are not 
synonymous with indices derived from the radiographic sample, given that the x-rays were 
collecting with the subject in a standing, weight-bearing position.  And finally, taking 
measurements from MRIs is subject to a greater risk of user-introduced error given that the 
images are freely rotated by the user. Therefore, it is possible that the calcaneus was not in 
a consistent position for each individual, though an attempt was made to reduce this error. 
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On the other hand, the patients at the podiatrist office stand in a standard position for X-
rays, which minimizes the difference in calcaneal position between individuals. 
When considering all of the measures of longitudinal arch height used in this study, 
it is most informative that the cuboid facet angle was strongly correlated with the calcaneal 
inclination angle in the X-ray sample. This finding indicates that an aspect of calcaneal 
morphology (i.e., the cuboid facet angle) is related to the position of the calcaneus within 
the foot. Importantly, it may be possible to estimate the elevation angle of the calcaneus of 
fossil hominins by aligning the cuboid facet with the vertical plane. 
 
Ontogenetic and Adult Human Variation in the Cuboid Facet Angle 
This study used the skeletonized remains of two archaeological populations to 
quantify population and age-related variation in the shape of the cuboid facet angle of the 
calcaneus. Longitudinal arch height was unknown for the individuals in the archaeological 
sample, so it was not possible to directly test the relationship between the cuboid facet 
angle and arch height. However, studies of contemporary populations show that the 
longitudinal arch develops in early childhood from a flat foot posture, usually by age 6 
(Bertsch et al., 2004; Onodera et al., 2008; Müller et al., 2012). Therefore, finding that the 
cuboid facet angle increases throughout this developmental period could serve as additional 
evidence that the cuboid facet angle is directly related to longitudinal arch height. 
The results of this study show that the mean cuboid facet angle of the calcaneus 
increases with age and does not statistically differ between populations. Given that the 
sample sizes were very small for the youngest individuals in the sample, only general trends 
are discussed. The cuboid facet of the calcaneus appears convex distally in infancy and 
toddlerhood, and begins to flatten between 4-6 years of age. Calcanei belonging to 
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individuals estimated to be between 1-2 years old and 2-4 years old exhibit a cuboid facet 
with a mean curvature index of 0.245 and 0.235, respectively. This index dropped to 0.133 
in those aged 4-6 years, indicating that there is a shift in the morphology of the distal 
calcaneus around this age as the convex articular facet becomes flattened. This conclusion 
is supported by the observation that all calcanei estimated to belong to individuals aged 6-
12 years displayed a flattened cuboid facet. Again, however, sample sizes for individuals 
under age 6 were very small, and future studies should measure the cuboid facet curvature 
on other subadult calcanei to improve our understanding of how the distal calcaneus 
changes during development. 
The results of this study suggest that the cuboid facet angle increases gradually with 
age throughout the period of longitudinal arch development and foot growth. The 
longitudinal arch completes its development around age 6 (Bertsch et al., 2004; Onodera 
et al., 2008; Müller et al., 2012), and it was therefore predicted that the cuboid facet angle 
would increase over the first 6 years of life, but then remain stable. The youngest individual 
in the sample, estimated to be between 1-2 years of age, had a cuboid facet angle of 87.4°, 
and this angle increased to a mean of 92.8° in those aged 2-4 years, and 93.73° in those 
aged 4-6 years. The mean cuboid facet angle of those aged 6-12 years was 98.24°, however, 
showing that the angle continues to increase beyond the age of 6. There was no significant 
difference in the cuboid facet angle among individuals older than age 12, however, 
suggesting that the distal calcaneus achieves its adult morphology in early adolescence 
when foot growth is complete (which is around age 12-13 in females and 15 in males; 
Scheuer & Black, 2004).  
The cuboid facet angle did not differ between males and females within each 
population, nor did it differ between the two populations as a whole. The archaeological 
populations exhibit a mean cuboid facet angle (Mis Island = 99.88°; Norris Farms = 
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101.76°) that is similar, but slightly lower, than what was reported for the MRI sample 
(103.58°), and even lower than what was presented for the X-ray sample (109.2°). Given 
that the cuboid facet angle is positively correlated with longitudinal arch height, these data 
suggest that individuals in the archaeological populations would have had lower 
longitudinal arches than those in the contemporary populations. The status of footwear use 
for the archaeological populations is unknown, but it is presumed that any shoes worn by 
these individuals would have been softer-soled and less constrictive than those worn by 
individuals in the contemporary X-ray and MRI samples. If so, then these data suggest that 
the un-shod, or more minimally-shod, populations have a lower longitudinal arch height 
than the habitually shod populations, a finding consistent with recent reports of arch height 
and footwear use in contemporary shod and habitually unshod Indians (D’Août et al., 
2009). Future studies should directly compare variation in the cuboid facet angle between 
osteological samples representing presumably unshod populations and more contemporary 
populations who were known to have habitually worn footwear (such as the forensic 
collections at The University of Tennessee or Texas State University) to further investigate 
the effects of footwear use on calcaneal morphology and longitudinal arch height. 
 
Cuboid Facet Angle and Longitudinal Arch Height in Fossil Hominins 
 
 This study identified a direct relationship between the cuboid facet angle of the 
calcaneus and longitudinal arch height, suggesting that the cuboid facet angle may be used 




Omo 33-74-896 – early Homo (ca. 2.36 Ma) 
 Omo 33-74-896 is an isolated calcaneus from Omo (Shungura Formation, Tuff F) 
attributed to early Homo and dating to approximately ca. 2.36 Ma (Feibel et al., 1989; 
Gebo and Schwartz, 2006). The fossil was first described by Deloison (1986) as possessing 
a number of human-like morphologies, including a low longitudinal arch. A more recent 
review of the Omo 33-74-896 morphology by Gebo and Schwartz (2006) noted that the 
origin for the long plantar ligament is positioned more posteriorly in this specimen than it 
is in apes. Because the long plantar ligament is an important anatomical structure that 
supports the longitudinal arch, the presence of a more human-like insertion point for this 
structure is suggestive of a longitudinal arch in the Omo 33-74-896 hominin (Gebo and 
Schwartz, 2006). In contrast, Prang (2015) has recently argued that the Omo 33-74-896 
fossil hominin did not have a human-like longitudinal arch based on the angular 
morphology of the talonavicular joint angle and other articular surfaces of the talus and 
calcaneus.  
 The recent study by Prang reported that the cuboid facet angle of Omo 33-74-896 
is 99º. This value is greater than the mean cuboid facet angle reported for chimpanzees, 
orangutans, and gibbons, but close to the mean value of gorillas (Prang, 2015; Table 3.9). 
This value is also similar to the mean value of the Mis Island (Mean = 99.88°) and Norris 
Farms (Mean = 101.76°) adult individuals from the current study, but lower than the 
contemporary human samples from this study and the study by Prang (2015) (Table 3.9). 
The cuboid facet angle for the Omo specimen is also similar to the value reported for 
Australopithecus sediba (Prang, 2015; Table 3.9).  
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 The results of the current study suggest that the Omo 33-74-896 hominin could 
have had a low longitudinal arch.  It is important to note that the current study is considering 
just one metric, however, while the Prang study assigned the Omo specimen as ape-like 
following a discriminant function analysis of multiple variables. Nevertheless, the cuboid 
facet angle used here has now been shown to have a positive association with longitudinal 
arch height, and is directly suggestive of calcaneal elevation within the foot. Humans in 
the X-ray sample with a cuboid facet angle at or near 99º have a low calcaneal inclination 
angle and are described as having a “low” longitudinal arch from observation of the 
external surface of the foot. The Omo 33-74-896 specimen displays a number of ape-like 
morphologies, including a large peroneal tubercle and posterior extension of the posterior 
talocalcaneal facet, the latter of which is associated with increased mobility at the subtalar 
joint (Gebo and Schwartz, 2006). However, the Omo 33-74-896 calcaneus also exhibits a 
number of human-like features, such as the presence of a lateral plantar process and a large 
calcaneal body, and is similar in morphology to the AL 333-8 calcaneus (Gebo and 
Schwartz, 2006). This combination of features suggests that the Omo 33-74-896 hominin 
may have had low longitudinal arch, but exhibited exaggerated pronation, similar to what 
is observed in modern flat footed and/or low-arched individuals (Franco, 1987). 
 
OH-8 – early Homo (ca. 1.8 Ma) 
Olduvai Hominin 8 (OH-8) is a partial foot skeleton attributed to Homo habilis and 
dating to approximately ca. 1.8 Ma (Wood, 1992). The specimen includes a fragmentary 
calcaneus, talus, navicular, three cuneiform bones, cuboid, and all five metatarsals (though 
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the distal aspects are absent). The fact that there is debate surrounding whether OH-8 had 
a longitudinal arch is surprising, given the completeness of the specimen. Day and Napier 
(1964) asserted that OH-8 had a longitudinal arch in their initial description of the fossil, 
and this conclusion was supported by Day and Wood (1968) based on their analysis of the 
talar neck angle. Others, however, have argued that the OH-8 talus (as well as other hind-
foot elements) is intermediate between humans and apes with regards to many aspects of 
its morphology (Lisowski et al., 1974, 1976; Oxnard, 1972; Oxnard & Lisowski, 1980; 
Kidd et al., 1996), suggesting that an arch was not present in this hominin. DeSilva and 
colleagues (2012) found that the torsion of the OH-8 metatarsal II was also intermediate 
between humans and apes, though their conclusion was that this feature was suggestive of 
the presence of a longitudinal arch. 
The cuboid facet angle of OH-8 has been discussed by both Berillon (2003) and 
Prang (2015), each of whom has drawn a different conclusion about whether OH-8 had a 
longitudinally-arched foot. Berillon (2003) argued that OH-8 likely had an arch given that 
the cuboid facet angle is higher than the 90° value associated with flat-footed apes. Prang 
(2015) reports a human-like cuboid facet angle of 108° for OH-8, yet concluded that OH-
8 did not have a longitudinal arch based on the results of a discriminant function analysis 
that sorted the OH-8 talus and calcaneus with apes based on the angular relationships of 
their joint surfaces. However, given the fragmentary nature of the OH-8 calcaneus, it is 
unclear whether 108° is an accurate measure of the cuboid facet angle for this specimen. 
The OH-8 calcaneus is missing much of its proximal end, which means that the plantar 
surface is not completely defined in order to facilitate the measurement of the cuboid facet 
angle. Therefore, the cuboid facet angle for OH-8 should be treated as an estimate. 
According to data from the current study, the estimated cuboid facet angle of OH-
8 (108°) is near the human mean for the X-ray sample (Mean = 109.2°) and the mean 
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reported by Prang (2015; Mean = 106°), but higher than the mean for the archaeological 
samples (Mis Island Mean = 99.88°; Norris Farms Mean = 101.76°). According to the 
regression equation generated from the X-ray sample, a human with a cuboid facet angle 
of 108º, the value for OH-8, is predicted to have a calcaneus that is elevated approximately 
20º from the substrate, creating a longitudinal arch along the lateral column of the foot 
(Figure 3.19). Therefore, the data presented here suggests that the distal calcaneus of OH-




MH2 (U.W. 88-99) – Ausltralopithecus sediba (ca. 1.98-1.78 Ma) 
Malapa Hominin 2 (MH2) is a female partial skeleton attributed to Australopithecus 
sediba and dating to approximately ca. 1.98-1.78 Ma (Dirks et al., 2010). MH2 preserves 
an articulated distal tibia, talus, and calcaneus, described previously by Zipfel and 
colleagues (Zipfel et al., 2011). Zipfel and colleagues describe the cuboid facet as being 
“angled plantarly, similar to the condition in modern humans and suggestive of an arched 
foot”, but do not report a value for the cuboid facet angle (Zipfel et al., 2011:1418). More 
recently, however, Prang (2015) has reported that the cuboid facet angle of the U.W. 88-
99 specimen is 98º, a value greater than the maximum reported value for chimpanzees, 
orangutans, and gibbons, but close the mean reported for Gorilla gorilla (Prang, 2015; 
Table 3.9). As with the Omo specimen, which exhibits a similar cuboid facet angle, this 
value is similar to that reported for the archaeological human populations in this study, but 
below the mean values for the contemporary populations (Table 3.9). Contrary to Zipfel 
and colleagues (2011), Prang (2015) concluded that Au. sediba did not have a human-like 
longitudinal arch based on the morphology of cuboid facet and talonavicular angles, as 
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well as the insertion site of the Achilles’ tendon. The results from the current study suggest 
that if Au. sediba had a longitudinal arch, it was likely low in height.  Humans in the X-ray 
sample who have a cuboid facet angle at or near 98º have a low calcaneal inclination angle, 
and are described as having a “low” longitudinal arch from observation of the external 
surface of the foot (Figure 3.19; Figure 3.20). Some individuals in the X-ray sample with 
a cuboid facet angle of 98° were described as having arches as “low to average” height, 
and an individual with “average” arches had a facet angle of 97.29°, however, which 
illustrates that it is possible to have a relatively low cuboid facet angle yet still have a well-
developed longitudinal arch.  
 
CONCLUSIONS 
 The cuboid facet angle is significantly positively correlated with two 
radiographic measures of longitudinal arch height: the calcaneal inclination 
angle and the talar height index. 
 The cuboid facet is rounded in toddlerhood and early childhood, and appears to 
flatten around age 6, the age at which the longitudinal arch may be fully 
developed. The facet then becomes more plantarly-inclined at a gradual rate 
until approximately age 12, around the age when foot growth is complete. 
 The cuboid facet angle was found to be lower in the two archaeological 
populations when compared to the contemporary populations, suggesting that 
longitudinal arch height was also lower in these past populations who 
presumably wore more flexible, less constrictive footwear. 
 The fossil hominins represented by the Omo 33-74-896 (early Homo) and MH2 
(Au. sediba) calcanei are estimated to have had low longitudinal arches, while 
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OH-8 is estimated to have had a well-developed arch similar to the mean arch 
height of modern humans.  
 The sustentaculum tali angle was not correlated with longitudinal arch height 
in a small sample of humans, though future studies should continue to 
investigate the relationship between this angle and arch height to confirm that 

















Figure 3.1:  Comparison of the calcaneus of great apes and humans in lateral view. In 
great apes, as exhibited by Pan (left), the angle between the cuboid facet 
and the calcaneal body is near or below 90. In humans (right), this angle 



















Figure 3.2A: Illustration of the proposed relationship between cuboid facet angle and 
 longitudinal arch height in humans. A) When the cuboid facet is aligned 
 approximately 90º relative to the calcaneal body (as is common among 
 apes), the calcaneus will be positioned horizontally within the foot, 
 aligning the cuboid facet with the vertical plane. B) As the cuboid facet 
 becomes more plantarly-inclined (i.e., cuboid facet angle increases), the 
 distal calcaneaus must assume a more elevated position within the foot in 
 order to align the cuboid facet with the vertical plane. The greater the 
 plantar inclination of the cuboid facet, the higher the distal calcaneus must 
 be elevated to maintain alignment between the cuboid facet and the 









Figure 3.2B: Modeling the relationship between the cuboid facet angle of the calcaneus 
 and calcaneal elevation as exterior (A) and remote (B) angles of a right 
 triangle. Given that the included angles of the triangle must sum to 180°, 
 the elevation of the calcaneus (B) is equal to 90° - C, where C is equal to 

























Age Categories (years) 
1-2 2-4 4-6 6-12 12-20 >20 TOTAL 
0 1 7 11 8 160 189 
Norris Farms 1 6 0 5 11 29 52 
TOTAL 1 7 7 16 19 981 241 






















Specimen Species CFA (°) Source 
Omo 33-74-896 early Homo (possibly Paranthropus) 99 Prang, 2015 
OH-8 early Homo 108 Prang, 2015 
MH-2 Au. sediba 98 Prang, 2015 
Table 3.2: Summary of cuboid facet angle (CFA) values reported for fossil hominin 











Figure 3.4A:Radiometric angular measures of medial longitudinal arch height. α = 














Figure 3.4B:Radiometric linear measures of medial longitudinal arch height. ω = 
navicular height; ε = talar head height; λ = bony foot length. The navicular 









Figure 3.5: Measurement of the deviation of the cuboid facet from the vertical plane. 
Angles deviated proximally to the vertical plane (i.e., to the left in this 
image) are negative, while those deviated distally (i.e., to the right in this 






       
Figure 3.6: Measurement of the cuboid facet angle of the calcaneus on x-rays using 
ImageJ NIH software (modified from Berillon, 2003). Arrow indicates the 
curved dorsal margin present in some individuals; this bony prominence was 
not used to measure the cuboid facet angle. Instead, the cuboid facet was 








Figure 3.7: Example of OsiriX viewer showing foot in three orthogonal planes. Top left: 










       
Figure 3.8:  Bony measures of longitudinal arch height taken from MRI. Top row: 
Navicular Height Index (NHI) = navicular height / medial bony foot length; 
Bottom: Cuboid Height Index (CHI) = cuboid height / lateral bony foot 
length. Bony foot length is measured as the distance between the proximal 
aspect of the calcaneus and the distal aspect of the first and fifth metatarsals, 
respectively. Green lines represent the metrics; orange and purple lines mark 
the location of the coronal and transverse view frames, respectively. 
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Figure 3.9: Measurement of the cuboid facet angle on an MRI. The green lines in the 
sagittal plane viewer to the right represent the measurement of the cuboid 
facet angle. The coronal (top left) and transverse (bottom left) viewers are 
included to show how the calcaneus was positioned for measurement. The 
purple, orange, and blue lines mark the location of the transverse, coronal, 













Figure 3.10A: Measurement of the sustentaculum tali angle of the calcaneus on MRI 
 scans using OsiriX DICOM software. This image shows all three view 
 frames to show how the calcaneus was positioned for measurement. Top 














Figure 3.10B: Measurement of the sustentaculum tali angle of the calcaneus on MRI 
 scans, zoomed-in view. This image shows a closer look at the coronal 
 view frame. The sustentaculum tali angle was measured as the angle 
 enclosed between a line along the plantar surface of the sustentaculum tali 
 and a line along the medial aspect of the calcaneal body (shown in green). 
 The purple and blue lines mark the location of the transverse and sagittal 











Figure 3.11A: Measurement of the cuboid facet angle of the calcaneus on an adult 
 osteological specimen. The cuboid facet angle is the angle enclosed 
 between the plantar surface of the calcaneus and the flattest margin of the 








Figure 3.11B: Measurement of the cuboid facet curvature index and cuboid facet angle 
on a juvenile specimen. The cuboid facet curvature index was calculated as 
the length of line “A” divided by the length of line “B”. The cuboid facet 
angle is the angle enclosed between the plantar surface of the calcaneus and 














Figure 3.12: Scatter-plot of CFA measurements taken by author during data collection 
for full study (A) and during data collection for a pilot study (B) on a subset 










 N MEAN SD MIN MAX 
 
Radiograph Variables 
vertical deviation of facet 119 -0.10 5.01 -15.52 14.74 
cuboid facet angle  119 109.20 6.44 94.80 127.84 
 
Radiographic Measures of Longitudinal Arch Height 
calcaneal inclination angle 119 19.68 5.17 4.58 37.07 
talar declination angle 118 25.89 6.01 13.30 43.56 
navicular height index 103 0.16 0.03 0.10 0.23 
talar height index 113 0.24 0.03 0.17 0.34 
 
MRI Variables 
cuboid facet angle  18 103.58 4.60 96.12 110.93 
sustentaculum tali angle 17 122.52 11.47 100.14 141.48 
 
MRI Measures of Longitudinal Arch Height 
Chippaux-Smirak Index 18 0.167 0.04 0.09 0.27 
Navicular Height Index 17 0.184 0.05 0.11 0.35 
Cuboid Height Index 17 0.102 0.05 0.06 0.22 
Table 3.3:  Descriptive statistics for the cuboid facet angle, sustentaculum tali angle, 












Figure 3.13: Histogram of the deviation of the flattest margin of the cuboid facet from a 













Cuboid Facet Angle (CFA) N Mean SD Min Max 
complete radiographic sample 122 109.01 6.51 94.8 127.8 
“low” 6 104.92 6.62 96.13 109.9 
“low to average” 79 109.01 6.54 94.8 122.7 
“average” 19 110.01 5.24 97.29 120.8 
“average to high” 2 108.66 2.74 106.7 110.6 
Table 3.4: Descriptive statistics for the cuboid facet angle (CFA) for the complete 





















Figure 3.14: Box-plot of median and interquartile range of the cuboid facet angle (CFA) 















calcaneal inclination angle 0.621 0.001* 
talar declination angle -0.063 0.500 
navicular height index -0.106 0.285 




Chippaux-Smirak Index 0.330 0.181 
Navicular Height Index 0.444 0.199 
Cuboid Height Index 0.347 0.139 
Table 3.5: Correlation coefficients of cuboid facet angle and measures of longitudinal 


















Figure 3.15A: Scatter-plot of cuboid facet angle (degrees) and calcaneal inclination angle 










Figure 3.15B: Scatter-plot of cuboid facet angle (degrees) and talar height index for the 








Sustentaculum Tali Angle vs. Pearson’s r p-value 
Chippaux-Smirak Index -0.012 0.963 
Navicular Height Index 0.178 0.493 
Cuboid Height Index 0.201 0.578 
Table 3.6: Correlation coefficients of sustentaculum tali angle and measures of 






















AGE (years) SAMPLE N MEAN STD MIN MAX 
1-2 
MI 0 ---- ---- ---- ---- 
NF 1 87.4 ---- 87.4 87.4 
2-4 
MI 1 92.18 ---- 92.18 92.18 
NF 6 93.42 5.05 84.61 97.83 
4-6 
MI 7 93.73 7.32 80.87 103.94 
NF 0 ---- ---- ---- ---- 
6-12 
MI 11 93.53 6.96 79.58 105.33 
NF 5 102.95 8.58 90.61 110.55 
12-20 
MI 8 100.59 7.38 90.28 111.60 
NF 11 99.76 5.56 89.16 110.08 
>20 
MI 160 99.88 6.71 81.82 114.78 
NF 29 101.76 4.42 94.12 114.88 
TOTAL PER 
SAMPLE 
MI 189 99.34 7.01 79.58 114.78 





241 99.53 6.80 79.58 114.88 
Table 3.7: Descriptive statistics for the cuboid facet angle in the archaeological 
















N MEAN STD MIN MAX 
1-2 3 0.245 0.094 0.17 0.35 
2-4 6 0.235 0.055 0.17 0.33 
4-6 2 0.133 0.004 0.13 0.14 
TOTAL  11 0.204 0.075 0.13 0.35 
Table 3.8: Descriptive statistics for the cuboid facet curvature index for juveniles in the 























Figure 3.16: Box-plot of the median and interquartile range of the cuboid facet curvature 










Figure 3.17: Box-plot of the median and interquartile range of the cuboid facet angle  










Figure 3.18: Box-plot of the median and interquartile range of the cuboid facet angle 












Taxon N Mean ± SD Min Max Source 
Homo sapiens 
119 109.2 ± 6.4 94.8 127.8 x-rays, current study 
18 103.6 ± 4.6 96.1 110.9 MRI, current study 
160 99.88 ± 6.7 81.82 114.78 Mis Island, current study 
29 101.76 ± 4.4 94.12 114.88 Norris Farms, current study 
30 106 ± 4 97 114 Prang, 2015 
Pan troglodytes 33 91 ± 4 84 100 Prang, 2015 
Gorilla gorilla 25 100 ± 5 92 110 Prang, 2015 
Pongo pygmaeus 15 83 ± 4 75 92 Prang, 2015 
Hylobates 21 88 ± 6 77 99 Prang, 2015 
MH2  
Au. sediba 
1 98   Prang, 2015 
OH-8 
early Homo 
1 108   Prang, 2015 
Omo 33-74-896 
early Homo 
1 99   Prang, 2015 
Table 3.9: Summary of measures of the cuboid facet angle for humans, extant apes, 
and hominins. To maintain consistency with other studies, values for the 














Figure 3.19: Regression of calcaneal inclination angle on cuboid facet angle for the 
radiographic sample. Hominins are included: square = MH2, X = Omo 33-






Figure 3.20: Box-plot of the median and interquartile range of cuboid facet angle for 
subjects from the radiographic sample described as having low, low to 
average, average, and average to high arches. Hominins MH2, OH-8, and 











Chapter 4: Ontogenetic and Adult Variation in Human Metatarsal 
Morphology and its Relation to Longitudinal Arch Height 
 
INTRODUCTION 
Metatarsal bone morphology varies among primates in ways that reflect differences 
in locomotor mode and foot function (Duncan et al., 1994; Berillon, 2003; Marchi, 2010; 
Mitchell et al., 2012; Drapeau & Harmon, 2013). In humans, the metatarsal bones act as 
the anterior pillar of the plantar longitudinal arch and play a key functional role in 
transferring weight from the hind foot to the forefoot during bipedal locomotion (Morton, 
1924). In recent years, it has been suggested that some aspects of human metatarsal 
morphology may reflect the presence of the longitudinal arch and could therefore be used 
to assess whether an arch was present in fossil hominins (Berillon, 2003; Pontzer et al., 
2010; Ward et al., 2011; Kuo et al., 2016). For example, the proximal base of metatarsal 
IV (MT IV) is angled plantarly relative to the metatarsal diaphysis in humans, and this 
morphology has been argued to reflect the elevated position of the proximal metatarsal 
within a longitudinally-arched foot (Berillon, 2003; Ward et al., 2011). Human metatarsals 
also exhibit varying degrees of torsion along the shaft, and while this trait contributes to 
the formation of the plantar transverse arch, some authors have argued that the pattern of 
human metatarsal torsion may also be related to the presence of the longitudinal arch (e.g., 
Pontzer et al., 2010; Ward et al., 2011). Others, however, have challenged the idea that 
information about whether an arch was present in fossil hominins can be gleaned from 
metatarsal morphology based on the fact that humans, gorillas, and cercopithecoids overlap 
in various aspects of their metatarsal morphology, yet only humans have a longitudinal 
arch (e.g., Mitchell et al., 2012). Moreover, humans exhibit variation in longitudinal arch 
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height, included flat footedness (Hoffmann, 1905; Staheli et al., 1987; Cavanagh et al., 
1997; Morag & Cavanagh, 1999; Wunderlich & Cavanagh, 2001; D’Août et al., 2009), 
which means uniquely-human morphologies may not necessarily be associated with the 
presence of a longitudinal arch. Therefore, we require a clearer understanding of whether 
purported arch-related morphologies actually reflect longitudinal arch presence in humans 
if we are to use these traits to assess foot form in fossil hominins. 
Berillon (2003) was the first to proposed that the base-diaphysis angle of MT IV 
should reflect longitudinal arch presence in humans. In humans, the metatarsal heads are 
in contact with the substrate and the proximal base of each element is elevated to a varying 
degree to articulate with the three cuneiform bones and cuboid of the midfoot. The 
articulation of the metatarsal bases with these midfoot tarsal elements occurs at an elevated 
position above the substrate as a result of the presence of both the transverse and 
longitudinal arches. In order to maintain congruency of the articular surfaces at the tarso-
metatarsal joint, the base of the fourth metatarsal is angled plantarly relative to its shaft 
(>90°) (Figure 4.1; Berillon, 2003; Ward et al., 2011). In contrast, the metatarsal base of 
apes has a neutral angle (roughly 90°) relative to its shaft, consistent with a flat foot 
(Berillon, 2003; Ward et al., 2011). Ward and colleagues (2011) note that the base-
diaphysis angle of the A.L. 333-160 fourth metatarsal is human-like, and cite this as 
evidence that a longitudinal arch was present in Au. afarensis. However, a subsequent study 
by Mitchell and colleagues (2012) found that the base-diaphysis angle of A.L. 333-160 
falls within the range of variation of Gorilla gorilla beringei males, in addition to modern 
humans. Given that a longitudinal arch is not present in G. g. beringei, the results of 
Mitchell and colleagues’ study demonstrate that there is overlap in metatarsal morphology 
between species who lack a longitudinal arch, such as gorillas, and humans, who have one.  
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The second aspect of metatarsal morphology that has been argued to indirectly 
indicate that a longitudinal arch was present is torsion of the metatarsal shaft (Pontzer et 
al., 2010; Ward et al., 2011). Torsion of the metatarsal shafts creates the transverse arch of 
the foot, which is a feature shared by all primates, although the relative degree of torsion 
of the different metatarsal elements differs between primate groups (Weidenreich, 1923; 
Morton, 1935; Elftman and Manter, 1935a; Mitchell et al., 2012; Drapeau and Harmon, 
2013). In recent years, metatarsal torsion has been used to evaluate whether a hominin’s 
foot had a transverse plantar arch, with the assumption that this would also indicate that a 
longitudinal arch was present (e.g., Pontzer et al., 2010; Ward et al., 2011). Pontzer and 
colleagues (2010) measured metatarsal torsion in the Dmanisi hominins and found that 
torsion of the Dmanisi hominin third and fourth metatarsals was within the range of modern 
humans and outside that of chimpanzees, suggesting that the Dmanisi hominins had a 
modern human-like transverse arch. Similarly, Ward and colleagues (2011) argued that the 
torsion value of the A.L. 333-160 MT IVspecimen attributed to Au. afarensis was 
consistent with the presence of a human-like transverse arch, and that this therefore implied 
the presence of a longitudinal arch. In both of these studies, metatarsal torsion was used to 
draw conclusions about the nature of the longitudinal arch, in spite of the fact that no 
previous study has directly tested the relationship between metatarsal torsion and 
longitudinal arch height.  
Humans are not unique in having a transverse arch, as Drapeau and Harmon (2013) 
and many others have pointed out, so it is not appropriate to assume that torsion associated 
with the transverse arch would also indicate that a longitudinal arch was present. 
Comparative studies by Mitchell and colleagues (2012) and Drapeau and Harmon (2013) 
have been important in highlighting the fact that humans and cercopithecines overlap 
substantially in torsion of MT I, MT IV, and M TV, even though cercopithecines do not 
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have longitudinally-arched feet. Humans are unique, however, in lacking torsion of their 
second metatarsal and also having a high degree of torsion (eversion) of their third 
metatarsal (Drapeau and Harmon, 2013; Figure 4.2). This finding prompted Drapeau and 
Harmon to propose that the marked eversion of the third metatarsal in humans could be an 
indicator of the longitudinal arch, though this relationship has not yet been tested. Drapeau 
and Harmon (2013) have also noted that modern humans exhibit a large range of variation 
in metatarsal torsion, and cite population variation in footwear use as a potential cause of 
this variation. In their study, a sample of Native Americans, who presumably wore soft-
sole shoes, was found to exhibit torsion values of MT II and MT IV that were significantly 
different from a sample of Eurocanadians, who wore hard-sole shoes (Drapeau & Harmon, 
2013). Torsion values for the Native American population were closer to the ape range than 
were the values for the Eurocanadians, indicating that fossil hominins – who presumably 
did not use footwear – may also have had torsion values more similar to apes.  
This study has two primary goals. First, this study directly tests the relationship 
between the base-diaphysis angle, metatarsal torsion, and longitudinal arch height for a 
sample of humans using data derived from magnetic resonance images (MRIs) to 
determine whether these aspects of metatarsal morphology can be used to assess whether 
a longitudinal arch was present in fossil hominins. Second, this study quantifies metatarsal 
torsion in two spatially and temporally-distinct archaeological populations of human 
skeletal remains, both of which are presumed to have worn soft-soled footwear. Torsion 
values are compared between the populations and across age categories to investigate 
whether torsion changes throughout ontogeny and how it varies among adults. 
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MATERIALS AND METHODS 
Sample 
Magnetic Resonance Images (MRI) 
The sample includes 19 Magnetic Resonance Images (MRIs) of the feet of healthy 
adults previously described in Chapter 3.  
 
Human Osteological Remains 
The human osteological sample includes the metatarsals of skeletonized individuals 
from two archaeological populations (Mis Island and Norris Farms) previously described 
in Chapters 2 and 3. Table 4.1 summarizes the number of metatarsals included in the study 
grouped according to the estimated age of the individual. The sample includes metatarsals 
II, III, and IV. Metatarsals I and V were excluded from the study given that torsion of these 
elements is not unique among humans in a way that could be related to arch height 
(Drapeau & Harmon, 2013). 
 
Fossil Hominins 
Metatarsal base-diaphysis and torsion angle values for fossil hominins were 
collected from Drapeau and Harmon, 2013. 
 
Data Collection 
Magnetic Resonance Images 
 
Longitudinal Arch Height 
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Longitudinal arch height was quantified following the methods described in 
Chapter 3 for the MRI sample. To summarize, the Chippaux-Smirak index (CSI) was used 
to quantify longitudinal arch height from participant footprints (DeSilva et al., 2015), 
which is measured as the ratio between the minimum width of the mid-foot and the 
maximum width across the metatarsal heads. Longitudinal arch height was also quantified 
as a navicular height index and cuboid height index using metrics taken from the MRI 
image slices (see Chapter 3). 
 
Metatarsal Base-Diaphysis Angle 
 The base-diaphysis angle was measured on metatarsals II, III, and IV of the MRI 
sample using OsiriX DICOM image viewer software. The pan and rotation tools were used 
to position the metatarsal of interest such that the diaphysis was bisected along both the 
sagittal and transverse planes (Figure 4.3A). A line (A) was then drawn along the 
metatarsal base, connecting it’s dorsal- and plantar-most margins (Figure 4.3B). A second 
line (B) was drawn connecting the dorsal- and plantar-most margins of the metatarsal head. 
The midpoint of each of these two lines was identified, and then a third line (C) was drawn 
to connect these two midpoints. Finally, the angle tool was used to measure the dorsal angle 
enclosed between lines A and C (Figure 4.3B; following Ward et al., 2011). 
 
Metatarsal Torsion 
Metatarsal torsion was measured on metatarsals II, III, and IV of the MRI sample 
using OsiriX DICOM image viewer software. First, the pan and rotational tools were used 
to position the MRI so that the cross-hairs of the coronal view screen bisected the distal 
end (head) of the metatarsal of interest into approximately equal medial and lateral, and 
dorsal and plantar, halves (Figure 4.4A, panel A). Next, the metatarsal was aligned in the 
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sagittal and transverse viewers so that the metatarsal shaft was bisected along the median 
sagittal and mid-transverse planes. (Figure 4.4A, panel A). These rotations served to align 
the metatarsal head along a dorso-plantar vertical axis and position the proximal metatarsal 
base directly behind the distal metatarsal head. In other words, the metatarsal was 
positioned so that the person viewing the screen was looking directly at the distal head of 
the metatarsal, down through its shaft. While maintaining the metatarsal in this position, 
the image layers in the coronal plane viewer were scrolled through from distal to proximal, 
through the metatarsal shaft, until the proximal end was reached (location confirmed in 
both the sagittal and transverse viewers) (Figure 4.4A, panel B). Torsion was measured as 
the angle enclosed between a vertical line (representing the dorso-plantar median axis of 
the metatarsal head) and a line bisecting the dorsal and plantar midpoints of the metatarsal 
base (Figure 4.4B). 
 
Human Osteological Remains 
Metatarsal Torsion 
Metatarsals were first sorted and assigned to a pedal ray based on the morphology 
of their proximal base and inter-metatarsal articular facet shapes. Sorting metatarsals is 
challenging for juvenile skeletal remains, but there are some morphological differences 
that made this task possible. The first metatarsal is larger than the lateral four and is easily 
distinguished from the others, even in the neonate skeleton (Figure 4.5). By approximately 
age two, the proximal bases of the lateral four metatarsals begin to acquire the shape 
differences that characterize adult metatarsals. Specifically, the base of metatarsal IV, 
which is more square in shape (when viewed from the proximal end), can be distinguished 
from the more triangular bases of metatarsals II and III. Metatarsals II and III are difficult 
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to distinguish from one another until they acquire their characteristic inter-metatarsal (i.e., 
medial and lateral) articular facets around ages 6-8. Once these facets are present, the 
metatarsals can be articulated to confirm their designation as MT II or MT III. All complete 
metatarsals that could be confidently assigned as MT II, MT III, or MT IV were included 
in this study. Although torsion of MT II is not thought to be related to arch height (Drapeau 
& Harmon, 2013), this element was included in the study to test whether it exhibits the 
same degree of torsion (i.e., minimal torsion) throughout development. 
 Metatarsal torsion was measured following the methods of Drapeau and Harmon 
(2013). A MicroScribe G2X digitizer with 5 degrees of freedom (Revware Products, 
Raleigh, NC) was used to collect coordinate data for four landmarks on each metatarsal. 
These landmarks include the dorsal and plantar midpoints of the proximal metatarsal base 
and the distal metatarsal head (Figure 4.6). For juvenile specimens where the distal 
epiphysis (i.e., metatarsal head) had not yet fused to the diaphysis, the landmarks were 
placed at the dorsal and plantar midpoints of the distal-most aspect of the metaphyseal 
margin. Before digitizing the landmarks, each bone was secured to the tabletop with clay. 
Then, 3D landmarks were collected by positioning the MicroScribe’s stylus on the 
landmark of interest and depressing a foot pedal attached to the MicroScribe. Depression 
of the foot pedal then sent x, y, z coordinates of the landmark’s location to a Microsoft 
Excel © spreadsheet. Using Figure 4.6 as a reference, torsion was calculated using a 
custom R script as the angle enclosed between a line connecting the dorso-plantar 
midpoints of the metatarsal base (points 1 and 2) and a line connecting the dorsoplantar 




Relationship between Metatarsal Morphology and Longitudinal Arch Height 
This study investigates whether two aspects of metatarsal morphology, the base-
diaphysis angle and torsion, are related to longitudinal arch height. Correlation statistics 
were used to examine the relationship between the base-diaphysis angle and torsion of 
metatarsals II, III, and IV and the three measures of longitudinal arch height associated 
with each MRI.  
 
Ontogenetic and Adult Variation in Metatarsal Torsion 
Descriptive statistics were calculated for metatarsal torsion in the archaeological 
samples. These statistics were calculated separately for each archaeological sample and for 
each age category within each of the two archaeological samples. The six age categories 
are as follows: 1-2 years (early bipedal walkers that lack a longitudinal arch); 2-4 years 
(bipedal walkers beginning to develop a longitudinal arch); 4-6 years (bipedal walkers with 
a developing longitudinal arch); 6-12 years (bipedal walkers with a developed longitudinal 
arch and a growing foot); 12-20 years (bipedal walkers with a developed longitudinal arch 
and adult-sized foot, but continue to grow in stature); and 20+ (bipedal walkers with an 
adult foot size and stature). Age-related variation in metatarsal torsion was investigated 
using a one-way analysis of variance (ANOVA), where appropriate. Adult variation in 
metatarsal torsion was investigated between the sexes and between populations using an 
independent samples t-test. 




Relationship between Metatarsal Morphology and Longitudinal Arch Height 
Base Diaphysis Angle 
The base-diaphysis angle was measured on metatarsals II, III, and IV from the 
MRIs of 17 individuals. Table 4.2 summarizes the descriptive statistics for the base-
diaphysis angle. The results of a Pearson’s product moment correlation test show no 
significant relationship between the base-diaphysis angle of metatarsals II, III, and IV and 
any of the three measures of longitudinal arch height (Table 4.3). 
 
Torsion 
Torsion was measured on metatarsals II, III, and IV from the MRIs of 17 
individuals. Consistent with previous studies (Drapeau & Harmon, 2013), the second 
metatarsal exhibited only slight torsion, while metatarsals three and four exhibited eversion 
of the proximal metatarsal base relative to the distal metatarsal head (Table 4.2). The 
results of a Pearson’s product moment correlation test are summarized in Table 4.4. 
Torsion of MT II and MT III was not significantly positively correlated with any of the 
three measures of longitudinal arch height. Torsion of MT IV was not significantly 
positively correlated with Chippaux-Smirak Index or Navicular Height Index, but was 
significantly correlated with the Cuboid Height Index (r = 0.566, p = 0.014; Table 4.4; 
Figure 4.7). However, the statistical significance of this relationship appears to be driven 
by what could be an outlier data point. When this individual is removed from the sample, 
the correlation is no longer significant (r = 0.247, p = 0.340; Figure 4.8). Until a future 
study with a larger sample size can determine whether this individual is, in fact, an outlier, 
 155 
the results of this study indicate that there is no correlation between torsion of the fourth 
metatarsal and longitudinal arch height. 
 
Ontogenetic and Adult Variation in Metatarsal Torsion 
Table 4.5 summarizes the descriptive statistics for metatarsal torsion for the 
archaeological samples, all ages considered. Torsion was measured on 595 metatarsals 
belonging to 270 individuals. For juvenile individuals, seven metatarsals could be excluded 
as being MT I, MT IV or MT V, but it was unclear if they belonged to MT II or MT III. 
These elements were therefore assigned as “MT II or III”. Thirty metatarsals could be 
excluded as belonging to MT I or MT V, but could not be identified as either MT II, MT 
III, or MT IV. These elements were therefore assigned as “MT II, III, or IV.”  
Results of an independent t-test found no difference in mean torsion of MT II 
[t(121) = -0.717, p = 0.475] or MT III [t(127) = 0.829, p = 0.409] between elements 
estimated to have belonged to males and those estimated to have belonged to females for 
the Mis Island sample. Torsion of MT IV was significantly higher in females (Mean = 
26.69, SD = 9.67) than males (Mean = 23.04, SD = 8.34) in this sample, however (Figure 
4.9). In the Norris Farms sample, there was no significant difference in the torsion of MT 
II [t(23) = 1.254, p = 0.222], MT III [t(6) = 0.439, p = 0.676], or MT IV [t(22) = 0.796, p 
= 0.434] between males and females.  
Table 4.6 summarizes the descriptive statistics of metatarsal torsion for the adult 
specimens in both samples. Results of an independent t-test show that adult individuals 
from the Norris Farms sample have significantly greater torsion of MT II [t(150) = -2.924, 
p = 0.007], and those from Mis Island have significantly greater torsion of MT III [t(140) 
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= 2.267, p = 0.025] (Figure 4.10). Torsion of MT IV did not differ statistically between 
the two populations. 
Table 4.7 summarizes the descriptive statistics of metatarsal torsion for the juvenile 
specimens in both samples. Results of an independent t-test found no difference in torsion 
of MT II between the two samples [t(30) = 0.719, p = 0.478]. Juvenile individuals from the 
Mis Island sample exhibit significantly greater torsion of MT III [t(29) = 2.857, p = 0.008] 
and MT IV [t(40) = 2.717, p = 0.01], however, than juveniles from the Norris Farms sample 
(Figure 4.11). There was no significant difference in the torsion of elements that could not 
be distinguished as belonging to digits II, III, or IV [t(28) = -0.916, p = 0.367]. 
 Given that the two archaeological populations exhibit significant differences in 
their degree of metatarsal torsion, age-related differences in torsion were investigated 
separately for each population. Table 4.8 and Table 4.9 summarize the descriptive 
statistics for metatarsal torsion between age categories in the Mis Island and Norris Farms 
samples, respectively. Given the small sample sizes in the youngest age categories (see 
Table 4.1), it was necessary to collapse the youngest three age categories into a single 1-6 
years old age category to permit statistical analysis of the effect of age on metatarsal 
torsion.  
 In the Mis Island sample, age did not exhibit a significant effect on torsion of MT 
II [F(2, 133) = 1.97, p=0.143], MT III [F(2, 139) = 0.482, p=0.618], or MT IV [F(3, 146) 
= 0.223, p = 0.881]. Also, there was no effect of age on torsion of MT II [F(2,45) = 3.076, 
p = 0.056], MT III [F(2, 28) = 0.710, p =0.500], or MT IV [F(2, 48) = 1.810, p = 0.175] for 
the Norris Farms sample. Figures 4.12 A-C show side-by-side box-plots of the median and 
interquartile range of torsion of MT II, MT III, and MT IV across the four age categories. 
These results indicate that metatarsal torsion does not increase with age. This non-
significant result could be influenced by the small sample sizes in the youngest age 
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categories, however, especially in combination with the large standard deviations (Tables 
4.8 and 4.9). 
Finally, a correlation test was performed to investigate whether torsion of a given 
metatarsal element was correlated with torsion of the other elements. Table 4.10 lists the 
correlation coefficients of the relationship between torsion of MT II and MT III, MT II and 
MT IV, and MT III and MT IV for adult individuals within each sample. Within the Mis 
Island sample, there was a significant positive correlation between the torsion of MT III 
and MT IV (r = 0.213, p < 0.05), indicating that individuals with a higher torsion of MT 
III also have higher torsion of MT IV. Within the Norris Farms sample, there was a 
significant positive correlation between torsion of MT II and MT III (r = 0.737, p < 0.01), 
MT II and MT IV (r = 0.366, p < 0.05), and MT III and MT IV (r = 0.455, p < 0.05) 
(Figures 4.13 A-C). These data indicate that individuals with a high degree of torsion of 
MT II also have high torsion of MT III and MT IV, and those with high torsion of MT III 
also have high torsion of MT IV. However, Figure 4.13A shows that the correlation 
between MT II and MT III may be driven by an outlier individual who has a very high 
degree of torsion of both elements. When this individual is removed from the sample, the 
relationship remains statistically significant, though in the opposite direction (r = -0.167, p 
= 0.041). Therefore, it is more conservative to conclude that torsion of MT II is not 
correlated with torsion of MT III in these samples. 
 
Metatarsal Torsion in Fossil Hominins 
Metatarsal torsion values have been published for hominins by Drapeau and 
Harmon (2013) for complete metatarsals, as well as estimates for incomplete fossils. Table 
4.11 lists the metatarsal torsion values for hominins alongside the values recorded for 
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humans in the current study, as well as previously published values for humans (Pontzer et 
al., 2010; Mitchell et al., 2012; Drapeau & Harmon, 2013). The MT II fossil elements 
belonging to StW 89 and StW 377 exhibit torsion values outside of the range for humans, 
irrespective of sample (Table 4.11). These specimens are intermediate to humans and apes, 
who exhibit highly inverted MT IIs (i.e., negative torsion value; e.g., Pan mean = -27.3; 
Drapeau & Harmon, 2013). Therefore, the torsion exhibited by the two MT II elements 
from Sterkfontein is unlike the torsion that has been observed among extant apes or modern 
humans. 
Torsion values for the MT III fossil elements were estimated by Drapeau and 
Harmon (2013), as these three fossils are incomplete. The torsion of StW 388 (14.7°) is 
close to the mean of the Norris Farms population (13.42°), but is lower than that reported 
for other humans. The torsion of StW 477 (28.8°) is higher than the mean reported for 
modern humans, but is within one standard deviation of the MRI sample from the current 
study and the humans measured in the study by Pontzer and colleagues (2010). The torsion 
of StW 496 (18.7°) is close to the human mean reported for a number of samples, including 
that measured in the study by Drapeau and Harmon (2013; human mean = 18.19°), and the 
Mis Island (19.78°) sample from the current study. Therefore, if the estimates of torsion 
for these elements is accurate, then the three fossil MT III elements from Sterkfontein 
exhibit torsion values that are within the range of modern humans. 
Torsion of the A.L. 333-160 MT IV fossil was first published by Ward and 
colleagues (2011) and is 17.8°. This value is below the human mean for all of the known 
samples for which MT IV torsion has been measured (Table 4.11). This value is within 
one standard deviation below the mean MT IV torsion reported for the Mis Island and 
Norris Farms archaeological populations, however, as well as the samples from the studies 
by Pontzer et al. (2010), Drapeau and Harmon (2013), and human males from the Mitchell 
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et al. (2012) study. Therefore, the A.L. 333-160 specimen exhibits torsion that is within 
the measured range for humans. 
 
DISCUSSION 
Metatarsal Morphology and Longitudinal Arch Height in Humans 
This study is the first to directly test the relationship between aspects of metatarsal 
morphology and longitudinal arch height in a sample of humans known to exhibit variation 
in arch height. Using data derived from a sample of MRIs, this study did not find a 
statistically significant relationship between longitudinal arch height and either the base-
diaphysis angle or torsion of metatarsals II, III, or IV. Therefore, it does not appear that 
either of these aspects of metatarsal morphology should be used to infer whether a 
hominin’s foot had a longitudinal arch. This finding is considered preliminary, however, 
given that the sample of MRIs was small and may not have fully sampled individuals from 
across the full arch height continuum. Future studies should further investigate this 
relationship using a larger sample size of MRIs and/or human cadaver feet.  
 
Implications for Fossil Hominins 
The results presented here suggest that the base-diaphysis angle and/or torsion of 
fossil hominin metatarsals cannot be used to infer whether the hominin had a foot with a 
longitudinal arch. Rather, fossil hominins that exhibit metatarsal morphology consistent 
with that of modern humans could have been flat footed or have exhibited a longitudinal 
arch of varying heights. For example, the A.L. 333-160 hominin exhibits a base-diaphysis 
angle that is within the human range (Ward et al., 2011) and torsion that is below the human 
mean, but within the low-end of the range for modern humans (Ward et al., 2011; Mitchell 
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et al., 2012; Drapeau & Harmon, 2013; Table 4.11). Therefore, we can infer that the lateral 
column of the A.L. 333-160 hominin’s foot was human-like, and most likely had a 
transverse arch that was similar to modern humans. However, given that a transverse arch 
is a shared trait among primates (Weidenreich, 1923; Morton, 1935; Elftman and Manter, 
1935a), and the overlap with gorillas and cercopithecines in both the base-diaphysis angle 
and torsion of the A.L. 333-160 element (Mitchell et al., 2012; Drapeau & Harmon, 2013), 
it would be misguided to conclude that a human-like transverse arch implicates that a 
longitudinal arch was also present. Whether there is a relationship between transverse arch 
height and longitudinal arch height among humans is unknown, and should be investigated. 
 
Ontogenetic and Adult Human Variation in Metatarsal Torsion 
Torsion of MT II, III, and IV was investigated in two spatially and temporally-
distinct archaeological populations to further examine population-level variation in torsion 
and test whether torsion varies throughout ontogeny. Mean metatarsal torsion was found 
to exhibit no change throughout ontogeny, but was found to differ between populations, 
consistent with a previous study (Drapeau & Harmon, 2013). Table 4.11 lists the 
metatarsal torsion values for this study along-side values previously published for other 
human populations (Pontzer et al., 2010; Mitchell et al., 2012; Drapeau & Harmon, 2013). 
Comparison of the adult torsion values for MT II, MT III, and MT IV with those published 
by Pontzer and colleagues (2010), Mitchell and colleagues (2012), and Drapeau and 
Harmon (2013) reveals both similarities and differences in torsion values between human 
populations. In the present study mean torsion of MT II was 8.72° for the Mis Island sample 
and 16.82° for the Norris Farms sample, values that are higher than the mean of 5.6° 
reported by Pontzer et al. (2010), and the mean of -2.37° reported by Drapeau and Harmon 
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(2013)5 (Table 4.11). Torsion values for MT III and MT IV were more similar between 
the studies, however. Mean torsion of MT III was 19.78° for adults in the Mis Island 
sample, which is similar to published means of 20.4° (Pontzer et al., 2010) and 18.19° 
(Drapeau & Harmon, 2013), but significantly higher than the value of 13.42° measured for 
adults in the Norris Farms sample. Similarly, mean torsion of MT IV was 24.82° for adults 
in the Mis Island sample, which was higher (although not statistically significant) than the 
value of 22.09° for Norris Farms adults, and the value of 20.25° reported by Drapeau and 
Harmon (2013). Pontzer and colleagues (2010) report a mean torsion value of 23.7° for 
MT IV, similar to the value of 23.99° reported by Mitchell and colleagues (2012). 
Together, these data suggest that mean metatarsal torsion is variable between human 
populations, and this appears particularly true for MT II.  
The current available data on population differences in metatarsal torsion suggest 
that torsion of MTII is more variable than torsion of MTIII and MTIV. This finding may 
indicate that there this is less variation in elements of the lateral column of the foot than 
the medial column. The lateral column of the longitudinal arch is functionally important 
during bipedalism, as weight is shifted to the lateral side of the foot before it is transferred 
to the metatarsal heads (Ledoux & Hillstrom, 2002). Therefore, any variation in foot bone 
shape that disrupts the lateral column’s ability to participate in weight transfer could 
negatively impact gait mechanics. The results of this study raise questions about the 
morphological integration between structures of the medial column of the human foot 
compared to the lateral. Morphological integration refers to the tendency of morphological 
features to covary because they share an underlying developmental pathway (Hallgrimsson 
et al., 2002). While most studies of morphological integration have investigated patterns 
                                                 
5 A negative torsion value indicates that the metatarsal head is inverted relative to the base, whereas a 
positive value indicates that it is everted relative to the base. 
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between anatomical regions on a larger scale, such as between the fore- and hind limbs or 
the hands and feet (e.g., Hallgrimsson et al., 2002; Lawler, 2008; Rolian, 2009; Schmidt & 
Fischer, 2009; Williams, 2010), we know less about how characters could be integrated 
within an anatomical region, such as the foot. An inter-specific study of the degree of 
integration of foot morphology between the two columns of the foot could be informative. 
The results of this study add to the body of data that shows human populations 
exhibit variation in metatarsal torsion. If metatarsal torsion reflects transverse arch height, 
as opposed to longitudinal arch height, then these data reflect population-level differences 
in the height of the transverse arch. Drapeau and Harmon (2013) noted a difference in 
torsion of MT II and MTIV between populations who were presumably unshod compared 
to those who were shod. The archaeological populations included the present study were 
also presumably unshod, yet they also differ in ways from the unshod data presented by 
Drapeau and Harmon (2013). A future study should broaden the comparative human 
sample to include contemporary populations who are known to have worn constrictive 
footwear (such as forensic collections at The University of Tennessee and/or Texas State 
University) and additional unshod populations to further investigate the effects of footwear 
use on metatarsal torsion.  
 
CONCLUSIONS 
 Neither the base-diaphysis angle or torsion of MT II, MT III, or MT IV were 
found to correlate with measures of longitudinal arch height. 
 Metatarsal torsion does not change throughout ontogeny. 
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 Metatarsal torsion was lower in the Norris Farms population compared to the 























Figure 4.1: Comparison of metatarsal IV of apes and humans in medial view. In apes, as 
exhibited by Pan (left), the dorsal angle between the proximal metatarsal 
base and the metatarsal diaphysis is near or below 90. In humans (right), 



















Figure 4.2: Example illustration of human metatarsal torsion. View is of distal 
metatarsal heads (ovals) looking proximally; rhomboids represent the 
metatarsal base. Torsion is measured as the angle enclosed between a line 
connecting the dorso-plantar midpoints of the metatarsal head (solid lines) 
and a line connecting the dorsoplantar midpoints of the metatarsal base 













 MT II MT III MT IV MT II or III MT II, III, or IV TOTAL 
 
Mis Island 
1-2 0 0 1 0 7 8 
2-4 0 0 1 0 7 8 
4-6 0 0 2 4 0 6 
6-12 3 3 6 3 0 15 
12-20 8 8 8 0 0 24 
20+ 125 131 132 0 0 264 
 
Norris Farms 
1-2 0 0 2 0 3 5 
2-4 1 2 2 0 11 16 
4-6 1 1 3 0 2 7 
6-12 10 9 9 0 0 28 
12-20 9 8 8 0 0 25 















Table 4.1: Summary of the number of metatarsals included in the study from the 















Figure 4.3A: Example of OsiriX viewer showing foot in three orthogonal planes aligned 
 to measures the base-diaphysis angle. Top left: coronal plane; bottom left: 






Figure 4.3B: Measurement of the base-diaphysis angle on an MRI. The base-diaphysis 
 angle is measured as the angle enclosed between the green lines A and C. 
 The purple and orange lines mark the location of the transverse and 









Figure 4.4A: Measurement of metatarsal torsion on MRI scans using OsiriX DICOM 
 software. A) Metatarsal of interest was aligned such that that the cross-
 hairs (blue and purple lines in top left coronal view frame of panel A) 
 bisected the distal end (head) into approximately equal medial and lateral, 
 and dorsal and plantar, halves. Next, the metatarsal was aligned in the 
 transverse (bottom left of panel A) and sagittal (right of panel A) viewers 
 so that the metatarsal shaft was bisected along the median sagittal and 
 mid-transverse planes. B) While maintaining the metatarsal in the same 
 position (see transverse and sagittal view frames of panels A and B), the 
 image layers in the coronal plane viewer (top left of panel B) were 
 scrolled through from distal to proximal until the proximal end of the 
 metatarsal was reached. 
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Figure 4.4B: Metatarsal torsion was measured as the angle enclosed between a vertical 
 line (A), representing the dorso-plantar median sagittal axis of the 
 metatarsal head (also represented by the blue line in the image on the left), 
 and a line (B) bisecting the dorsal and plantar midpoints of the metatarsal 
 base. Eversion of the base relative to the head is represented as a positive 
 value, while inversion of the base relative to the head is represented as a 





Figure 4.5: Medial view of metatarsals I - IV of four juvenile individuals from the 
Norris Farms 36 Cemetery collection. In each series, the proximal base of 
the metatarsal is towards the left and the distal head towards the right. The 












Figure 4.6: Location of four landmarks of the metatarsal used to calculate metatarsal 

















 N MEAN STD MIN MAX 
 
MRI Variables 
MT II base-diaphysis angle  17 90.61 4.80 83.17 101.68 
MT III base-diaphysis angle  16 88.64 4.24 83.06 96.55 
MT IV base-diaphysis angle  17 96.95 5.71 87.07 105.77 
MT II torsion  17 2.00 5.81 -6.70 12.84 
MT III torsion  17 24.28 4.84 16.83 32.26 
MT IV torsion  17 26.86 7.16 13.28 42.80 
 
MRI Measures of Longitudinal Arch Height 
Chippaux-Smirak Index 18 0.167 0.04 0.09 0.27 
Navicular Height Index 17 0.184 0.05 0.11 0.35 
Cuboid Height Index 17 0.102 0.05 0.06 0.22 
Table 4.2:  Descriptive statistics for the base-diaphysis angle, metatarsal torsion, and 
















 Pearson’s r p-value 
 
MT II 
Chippaux-Smirak Index -0.108 0.680 
Navicular Height Index -0.160 0.541 
Cuboid Height Index -0.132 0.715 
 
MT III 
Chippaux-Smirak Index -0.010 0.971 
Navicular Height Index -0.135 0.618 




Chippaux-Smirak Index -0.088 0.738 
Navicular Height Index 0.046 0.861 
Cuboid Height Index -0.073 0.841 
Table 4.3: Results of Pearson’s product-moment correlation of the base-diaphysis 















 Pearson’s r p-value 
 
MT II 
Chippaux-Smirak Index 0.090 0.73 
Navicular Height Index -0.028 0.92 
Cuboid Height Index 0.335 0.34 
 
MT III 
Chippaux-Smirak Index 0.325 0.20 
Navicular Height Index 0.279 0.28 
Cuboid Height Index 0.405 0.08 
 
MT IV 
Chippaux-Smirak Index 0.469 0.06 
Navicular Height Index 0.467 0.06 
Cuboid Height Index 0.566 0.014** 
Table 4.4: Results of Pearson’s product-moment correlation of metatarsal torsion and 

















Figure 4.7:  Scatter-plot of the cuboid height index and torsion of metatarsal IV for 







Figure 4.8: Scatter-plot of the cuboid height index and torsion of metatarsal IV for the 










 N Mean SD Minimum Maximum 
 
MT II 
Mis Island 136 8.89 7.17 0.15 36.11 
Norris Farms 48 13.26 12.13 0.05 49.52 
TOTAL 184 10.03 8.91 0.05 49.52 
 
MT III 
Mis Island 142 19.57 8.52 0.82 45.57 
Norris Farms 31 11.57 8.43 0.60 38.19 
TOTAL 173 18.14 9.02 0.60 45.57 
 
MT IV 
Mis Island 150 24.69 8.87 0.06 45.96 
Norris Farms 51 19.89 9.72 5.95 48.12 
TOTAL 201 23.47 9.31 0.06 48.12 
 
MT II or III 
Mis Island 7 9.54 10.05 0.65 30.57 
Norris Farms 0 ---- ---- ---- ---- 
TOTAL 7 9.54 10.05 0.65 30.57 
 
MT II, III, or IV 
Mis Island 14 7.36 6.98 0.11 20.85 
Norris Farms 16 9.55 6.14 0.31 21.07 
TOTAL 30 8.52 6.53 0.11 21.07 
Table 4.5: Descriptive statistics of metatarsal torsion for the combined archaeological 










Figure 4.9:  Box-plots of the median and interquartile range of MT IV torsion (degrees) 










 N Mean SD Minimum Maximum 
 
MT II 
Mis Island 125 8.72 6.95 0.15 36.11 
Norris Farms 27 16.82 14.02 1.02 49.52 
TOTAL 152 10.16 9.12 0.15 49.52 
 
MT III 
Mis Island 131 19.78 6.95 0.82 45.57 
Norris Farms 11 13.42 11.94 0.60 38.19 
TOTAL 142 19.28 9.05 0.60 45.57 
 
MT IV 
Mis Island 132 24.82 9.10 0.06 45.96 
Norris Farms 27 22.09 10.96 6.11 48.12 
TOTAL 159 24.36 9.46 0.06 48.12 
Table 4.6: Descriptive statistics of metatarsal torsion for the combined archaeological 















Figure 4.10: Side-by-side box-plots of the median and interquartile range of torsion of 
MT II, MT III, and MT IV compared between the two archaeological 








 N Mean SD Minimum Maximum 
 
MT II 
Mis Island 11 10.81 9.49 2.03 30.64 
Norris Farms 21 8.68 7.11 0.05 24.13 
TOTAL 32 9.41 7.92 0.05 30.64 
 
MT III 
Mis Island 11 17.15 6.72 7.31 26.89 
Norris Farms 20 10.55 5.84 0.92 21.50 
TOTAL 31 12.89 6.85 0.92 26.89 
 
MT IV 
Mis Island 18 23.66 7.08 10.18 34.43 
Norris Farms 24 17.41 7.58 5.95 31.49 
TOTAL 42 20.09 7.92 5.95 34.43 
 
MT II or III 
Mis Island 7 9.54 10.05 0.65 30.57 
Norris Farms 0 ---- ---- ---- ---- 
TOTAL 7 9.54 10.05 0.65 30.57 
 
MT II, III, or IV 
Mis Island 14 7.36 6.98 0.11 20.85 
Norris Farms 16 9.55 6.14 0.31 21.07 
TOTAL 30 8.52 6.53 0.11 21.07 
Table 4.7: Descriptive statistics of metatarsal torsion for the combined archaeological 
samples, juveniles only. 
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Figure 4.11: Side-by-side box-plots of the median and interquartile range of torsion of 
MT II, MT III, and MT IV compared between the two archaeological 










N Mean SD Minimum Maximum 
 
MT II 
1-6 0 ---- ---- ---- ---- 
6-12 3 4.68 1.71 2.72 5.86 
12-20 8 13.11 10.27 2.03 30.64 
20+ 125 8.72 6.95 0.15 36.11 
 
MT III 
1-6 0 ---- ---- ---- ---- 
6-12 3 16.70 8.81 7.31 24.79 
12-20 8 17.32 6.50 8.85 26.89 
20+ 131 19.78 8.65 0.82 45.57 
 
MT IV 
1-6 4 26.14 4.57 21.32 31.79 
6-12 6 22.75 9.83 10.18 34.43 
12-20 8 23.10 6.25 12.31 31.92 
20+ 132 24.82 9.10 0.06 45.96 
 
MT II or III 
1-6 4 7.13 4.96 0.65 12.71 
6-12 3 12.75 15.45 3.15 30.57 
12-20 0 ---- ---- ---- ---- 
20+ 0 ---- ---- ---- ---- 
 
MT II, III, or IV 
1-6 4 7.36 6.98 0.11 20.85 
6-12 0 ---- ---- ---- ---- 
12-20 0 ---- ---- ---- ---- 
20+ 0 ---- ---- ---- ---- 








N Mean SD Minimum Maximum 
 
MT II 
1-6 2 13.31 13.38 3.86 22.78 
6-12 10 7.07 5.31 0.05 19.52 
12-20 9 9.42 7.95 1.43 24.13 
20+ 27 16.82 14.02 1.02 49.52 
 
MT III 
1-6 3 7.01 6.79 1.21 14.48 
6-12 9 12.32 7.19 0.92 21.50 
12-20 8 9.89 3.23 4.92 14.56 
20+ 11 13.42 11.94 0.60 38.12 
 
MT IV 
1-6 7 19.73 8.71 9.33 30.55 
6-12 9 15.22 7.90 5.95 29.14 
12-20 8 17.86 6.38 11.77 31.49 
20+ 27 22.09 10.96 6.11 48.12 
 
MT II or III 
1-6 0 ---- ---- ---- ---- 
6-12 0 ---- ---- ---- ---- 
12-20 0 ---- ---- ---- ---- 
20+ 0 ---- ---- ---- ---- 
 
MT II, III, or IV 
1-6 3 9.55 6.14 0.31 21.07 
6-12 0 ---- ---- ---- ---- 
12-20 0 ---- ---- ---- ---- 
20+ 0 ---- ---- ---- ---- 




Figure 4.12A: Side-by-side box-plots of the median and interquartile range of   
 torsion of MT II for the Mis Island and Norris Farms samples. 
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Figure 4.12B: Side-by-side box-plots of the median and interquartile range of   
 torsion of MT III for the Mis Island and Norris Farms samples. 
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Figure 4.12C: Side-by-side box-plots of the median and interquartile range of   









Sample MT III MT IV 
Mis Island MT II -0.119 -0.044 
MT III ---- 0.213* 
Norris Farms MT II 0.737** 0.366* 
MT III ---- 0.455* 
Table 4.10: Results of Pearson’s product moment correlation of metatarsal torsion 
within and between adults of the two archaeological samples. *Correlation 











Figure 4.13A: Correlation between MT II torsion and MT III torsion for the Mis Island 
 (circles) and Norris Farms (triangles) samples. The relationship is 
 significant for Norris Farms. 
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Figure 4.13B: Correlation between MT II torsion and MT IV torsion for the Mis Island  
 (circles) and Norris Farms (triangles) samples. The relationship is 




Figure 4.13C: Correlation between MT III torsion and MT IV torsion for the Mis Island 










 N Mean SD Range Min Max 
 
MT II 
MRI sample 17 2.00 5.81 19.54 -6.70 12.84 
Mis Island 125 8.72 6.95 35.96 0.15 36.11 
Norris Farms 27 16.82 14.02 48.32 1.02 49.52 
Pontzer et al., 2010 10 5.6 8.2 ---- ---- ---- 
Drapeau & Harmon, 2013 42 -2.37 5.51 ---- ---- ---- 
 
MT III 
MRI sample 17 24.28 4.84 15.43 16.83 32.26 
Mis Island 131 19.78 6.95 44.75 0.82 45.57 
Norris Farms 11 13.42 11.94 37.59 0.60 38.19 
Pontzer et al., 2010 10 20.4 9.6 ---- ---- ---- 
Drapeau & Harmon, 2013 45 18.19 7.17 ---- ---- ---- 
 
MT IV 
MRI sample 17 26.86 7.16 29.52 13.28 42.80 
Mis Island 132 24.82 9.10 45.9 0.06 45.96 
Norris Farms 27 22.09 10.96 42.01 6.11 48.12 
Pontzer et al., 2010 10 23.6 7.1 ---- ---- ---- 
Drapeau & Harmon, 2013 48 20.25 8.40 ---- ---- ---- 
Mitchell et al., 2012 
(males) 
91 23.99 8.16 ---- ---- ---- 
Mitchell et al., 2012 
(females) 
64 28.00 8.39 ---- ---- ---- 
 
Table 4.11: Summary of measures of metatarsal for humans. To maintain consistency 
with other studies, values for the Mis Island and Norris Farms 
archaeological samples are for adults only.  
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Chapter 5:  Effects of Longitudinal Arch Height, Foot Shape, and Speed 
on Midfoot and Total Foot Loading in an Ontogenetic and Adult 
Sample of Humans 
 
INTRODUCTION 
The longitudinal arch has historically been cited as the key anatomical adaptation 
that allows the human foot to function as a stiff, propulsive lever, distinguishing it from 
the highly mobile midfoot of non-human primates, particularly apes (Elftman & Manter, 
1935a,b). This dichotomy of stiff-footed humans and mobile-footed (non-human) primates 
has persisted in the literature for decades; however, recent studies have challenged this 
paradigm in demonstrating that, despite having a longitudinal arch, a small percentage of 
humans exhibit midfoot mobility similar to non-human primates (Crompton et al., 2012; 
Bates et al., 2013; DeSilva & Gill, 2013; DeSilva et al., 2015). In addition, studies are 
increasingly reporting that humans exhibit a large range of variation in arch height, 
including flat footedness (e.g., D’Août et al., 2009; Stolwijk et al., 2013). Therefore, it is 
no longer appropriate to generalize all humans as having a longitudinal arch or a stiff foot. 
Instead, we must recognize that human are variable in longitudinal arch height and midfoot 
mobility, and this fact has important implications for how we infer foot function from fossil 
foot bones. 
The dichotomy of stiff-footed humans and mobile-footed non-human primates was 
first outlined by Elftman and Manter (1935a). In an early description of the distribution of 
stress experienced by the feet of humans and chimpanzees during walking, Elftman and 
Manter (1935a) noted that the human midfoot had a longitudinal arch and therefore did not 
contact the substrate during walking, particularly along the medial side. Chimpanzees, 
however, were observed to dorsiflex at, and experience stress beneath, the midfoot region, 
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presumably at the transverse tarsal joint. Subsequent studies have reported similar 
observations of midfoot dorsiflexion in chimpanzees (Meldrum & Wunderlich, 1998) and 
other non-human primates, such as gibbons (Vereecke et al., 2005), macaques (Hirasaki et 
al., 2010), olive baboons (Berillon et al., 2010), and other cercopithecines (Meldrum, 
1991). Midfoot dorsiflexion came to be known as the “midtarsal break” (Bojsen-Møller, 
1979; Elftman & Manter, 1935a; Meldrum, 1991; Susman, 1983), and recent studies have 
identified more specific information about the exact locations where joint motion occurs.  
A cineradiographic analysis of chimpanzee walking has demonstrated that midfoot 
dorsiflexion occurs at both the talonavicular and calcaneocuboid (i.e., “midtarsal”) joints 
in this species (Thompson et al., 2014). Work by DeSilva (2010) has shown, however, that 
lateral midfoot dorsiflexion occurs at the cubometatarsal joint and less so at the 
calcaneocuboid joint, and he has proposed that it is therefore more appropriate to refer to 
motion in the primate midfoot region as the “midfoot break”, as opposed to the “midtarsal 
break.” A recent cadaveric study by Greiner and Ball (2014) has also shown that lateral 
midfoot motion occurs at the cubometatarsal joints in a sample of macaques, baboons, 
chimpanzees, and humans, while motion at the calcaneocuboid joint was found to be 
minimal in these species. In humans, the extent of dorsiflexion at the cubometatarsal joint 
was slightly less than that observed in chimpanzees, but more than what was observed in 
Papio, demonstrating that humans are capable of a similar range of lateral midfoot motion 
to what has historically only been observed, and expected, in non-human primates (Greiner 
& Ball, 2014). A recent kinematic study of chimpanzee and human feet during walking has 
shown that humans use a large range of midfoot motion during stance, especially in the 
sagittal plane (Holowka et al., 2017). Moreover, studies of plantar pressure in non-
pathological humans have found evidence of lateral midfoot motion in a small percentage 
of humans who exhibit midfoot dorsiflexion during walking (Bates et al., 2013; Crompton 
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et al., 2011; DeSilva & Gill, 2013; DeSilva et al., 2015), presumably at the cubometatarsal 
joint (DeSilva et al., 2015).  
 Humans who exhibit a “midfoot break” experience greater pressure beneath the 
lateral midfoot region, ostensibly in response to the increased motion at the lateral 
cubometatarsal joint (DeSilva and Gill, 2013; DeSilva et al., 2015). DeSilva and colleagues 
(2015) found that individuals who exhibit a “midfoot break” and elevated lateral midfoot 
plantar pressure (>200 kPa) have a more rounded base of the fourth metatarsal, indicating 
that midfoot mobility and subsequent loading is driven, in part, by differences in foot bone 
morphology between individuals. Variation in midfoot loading among humans may also 
be affected by aspects of an individual’s anthropometry, as well as both structural and 
functional aspects of the foot and gait kinematics. Peak pressure of the midfoot region has 
been reported to have a positive relationship with body mass and foot pronation, and a 
negative relationship with longitudinal arch height and speed (Rosenbaum et al., 1994; 
Morag & Cavanagh, 1999; DeSilva and Gill, 2013). In a comprehensive study of the effects 
of both structural and functional variables on plantar pressure, Morag and Cavanagh (1999) 
concluded that structural variables had a greater effect on midfoot loading than functional 
variables, while functional variables were more strongly associated with loading of other 
foot regions. Using multiple regression analysis, these authors demonstrated that variation 
in the calcaneal inclination angle and arch index (i.e., two measures of longitudinal arch 
height), age, and foot eversion explained approximately 50% of the variance in midfoot 
pressure, with factors that measured arch height being the best predictors of midfoot 
loading (Morag & Cavanagh, 1999). Together, the findings of these studies demonstrate 
that human feet are variable in form and function, highlight that the relationship between 
foot bone morphology, foot mobility, longitudinal arch height, and foot loading in humans 
is only beginning to be understood.  
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The goal of this study was to investigate the relationship between body size, foot 
shape, longitudinal arch height, and speed on loading of the medial and lateral midfoot 
region and over the total foot in children and adults. The study by Morag and Cavanagh 
(1999) that identified arch height as a strong predictor of midfoot loading considered its 
effect in the context of a large number of structural and functional variables, including 
aspects of foot bone alignment, soft tissue thickness, and joint range of motion. The study 
did not distinguish the relative effects of these variables on medial versus lateral midfoot 
loading, however, a distinction that will be made in the present study given the recent 
reports of elevated lateral midfoot loading in humans (Crompton et al., 2011; Bates et al., 
2013; DeSilva & Gill, 2013; DeSilva et al., 2015). Also, the Morag and Cavanagh (1999) 
study included only adults, and more recent work has shown that longitudinal arch height 
is negatively correlated with midfoot pressure in children as well (Bertsch et al., 2004; 
Bosch et al., 2010). To my knowledge, a comprehensive analysis of the relationship 
between longitudinal arch height and other aspects of foot shape or anthropometry on 
plantar pressure has not been conducted for children, yet could be informative for 
understanding the relationship between arch height and foot loading in hominins given that 
the earliest hominin species were of a small stature and body mass (Jungers, 1982; 
McHenry, 1992; Grabowski et al., 2015).  
Here, the relationship between participant variables (longitudinal arch height, body 
mass, foot shape, speed) and 1) relative maximum force (as a percent of body mass), and 
2) peak pressure of the medial midfoot, lateral midfoot, and total foot was investigated for 
three groups of participants. Group A consisted of young children for whom the 
longitudinal arch was undergoing development. Group B consisted of older children from 
whom the longitudinal arch was developed, but foot growth was ongoing. And Group C 
consisted of individuals who had a mature longitudinal arch and adult-sized foot. Between 
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the three groups, child participants in Group A were predicted to have a lower longitudinal 
arch and a relatively wider foot (for its length) than individuals in Group B and Group C 
(Bertsch et al., 2004). As a result, child participants in Group A were also predicted to 
experience greater loading of the medial midfoot region, measured as relative maximum 
force and peak pressure, than participants in Groups B and C. Participants in Group A were 
also predicted to experience lower relative maximum force and peak pressure in the lateral 
midfoot region due to their small body size and in spite of the fact that they should have a 
lower arch than participants in Groups B and C. Finally, participants in Group A were 
predicted to experience lower total foot loading than Groups B and C, again in response to 
their small body size. Within each group, loading of the medial and lateral midfoot regions, 
as well as over the total foot, was predicted to be higher among individuals with a low 
longitudinal arch, a higher body mass, and a relatively wider foot, irrespective of age 
(Morag & Cavanagh, 1999; DeSilva & Gill, 2013; DeSilva et al., 2015). Finally, 
participants were also predicted to experience reduced loading (i.e., lower relative 
maximum force and peak pressure) in the medial and lateral midfoot regions as walking 
and running speed increased (Rosenbaum et al., 1994). 
 
MATERIALS & METHODS 
Sample 
 Participants were recruited from The University of Texas at Austin main campus 
and local day-care facilities. The study was advertised using recruitment flyers and was 
listed on the UT Events online calendar and appeared in daily emails sent to university 
faculty and students generated from this calendar. Participants were excluded from the 
study if had a history of foot-related injury or pathology. A total of 78 participants between 
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the ages of 1 and 57 were recruited to participate in the study (Table 5.1). Six of the 
youngest participants returned to the lab for a second visit 3-4 months following their first 
visit, bringing the total number of participant records to 84.  
  
Participant Protection 
 The study protocol received University of Texas at Austin IRB approval for human 
subjects research (IRB Protocol #2014-04-0020). Parents of minor participants (aged 1-15 
years) gave written consent to allow their child to participate in the study. Children aged 
7-15 years were asked to read through a description of the study, and additionally gave 
verbal consent to participate in the study.  Adult participants (aged 18-60 years) gave 
written consent to participate in the study. Participants were compensated for their time in 
the amount of $20.00 per study session. 
 
Data Collection 
Schedule of Data Collection 
 Collection of foot shape and plantar pressure data occurred between May 6 and 
September 1, 2015. Minor participants aged 1-6 years were asked to attend additional study 
sessions in order to track intra-individual changes in foot growth and plantar pressure over 
the period of longitudinal arch development. Of the 19 children in this age range, 8 returned 
for a second study session scheduled 3-4 months following their first session. Adult 
participants attended a single study session that lasted approximately 20-30 minutes. 
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Anthropometric Data Collection 
 Anthropometric measurements were recorded on all subjects, including body mass, 
stature, hip height, and knee height. Body mass was measured using a digital scale. Height 
measurements were collected using wooden meter sticks attached to the wall (stature) and 
tailor’s measuring tape (hip and knee height).  
 
Foot Shape Data Collection 
Longitudinal Arch Height 
 Longitudinal arch height was measured on each participant as the linear distance 
between the floor and the navicular tuberosity. Because differences in body size and/or foot 
size likely affect navicular height, this linear metric was divided by the individual’s total 
foot length in order to create a relative measure of arch height, the navicular height index 
(NHI). The NHI has been found to correlate strongly with radiographic (i.e., bony, 
structural) indices of medial longitudinal arch height (Saltzman et al., 1995).  In addition, 
longitudinal arch height was calculated from the pressure data as the Arch Index (AI), 
quantified as the ratio of the midfoot contact area to the total foot contact area (Cavanagh 
& Rodgers, 1987). This calculation was performed using the mean midfoot and mean total 
foot contact areas from each individual’s walking trials. 
 
3D Landmarks and Measurements 
 A MicroScribe G2X (Revware, Inc., Raleigh, NC) was used to collect a series of 6 
landmarks on the external surface of the foot in order to quantify each participant’s foot 
shape. Figure 5.1 summarizes the locations of these landmarks. Landmarks were digitized 
on the right foot by a single observer as the participant stood with feet positioned shoulder-
width apart. Because collection of landmark data requires that the participant stands 
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absolutely still, it was not possible to collect these data on the toddlers and young children 
who participated in the study. 
 A series of 5 linear distances were calculated from the landmark coordinates in 
Excel using the Euclidean distance formula, d(P1, P2) = √[(x2 – x1)
2 + (y2 – y1)
2 + (z2 – z1)
2], 
where P1 = the location of point 1, and P2 = the location of point 2. With Figure 5.1 as a 
reference for the landmark points, the calculated distances include foot length (2, 5), 
metatarsal breadth (4, 6), bi-malleolar breadth (1, 3), instep length (2, 4), and lateral foot 
length (2, 6). These metrics were previously used by Wunderlich and Cavanagh (2001) to 
quantify differences in foot and ankle shape.  
 
Linear Measurements 
In order to quantify foot shape metrics for all participants in the study, a second 
method was employed that did not require the participant to stand motionless for more than 
a brief amount of time. Each participant was asked to stand relaxed, shoulder-width apart 
with their right foot on a piece of paper. Then, a tracing was made of the foot from which 
linear distances were then taken with a metric ruler. The metrics taken from these tracings 
include foot length, and foot breadth at 25%, 50%, and 75% of foot length (Figure 5.2). A 
correlation test was performed between the foot length measure derived from the foot 
tracings and the foot length values calculated from the 3D landmark data in order to test 
the fit between the two methods used to quantify foot shape. The two measures of foot 
length are significantly positively correlated (r = 0.996, p < 0.001), indicating that the two 
methods are comparable and data from both methods are therefore used in this study to 
quantify foot shape (Figure 5.3). 
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Plantar Pressure Data Collection 
 Plantar pressure data were collected at a spatial resolution of 0.5cm2 and a temporal 
resolution of 50Hz as participants moved barefoot across an EMED-ST plantar pressure 
mat (Novel, Inc., St. Paul, MN). In order to sample data at a range of speeds, child 
participants were asked to move across the pressure mat at a self-selected walking gait 5 
times, and at a self-selected faster walking or running gait (if possible) an additional 5 
times. Adult participants were asked to move across the pressure mat at a self-selected 
walking gait 5 times; a self-selected jogging gait 5 times; and a self-selected running gait 
5 times.  
 In order to calculate the speed of participant movement, participants wore a 
reflective marker on their right hip and were filmed with a Basler 602f monochrome camera 
(Basler Vision Technologies, Ahrensburg, Germany) at a temporal resolution of 100Hz as 
they moved across the pressure mat. In an effort to maintain participant anonymity, the 
lens of the camera was positioned such that it filmed the participants from the shoulders 
down. Two-dimensional coordinates of the right hip marker were generated using Peak 
Motus (v. 9.2) software (Vicon Motion Systems, Oxford, UK) and were used to calculate 
each participant’s speed. To account for the fact that anthropometric differences in size 
(e.g., limb length) affect speed, Froude number, a dimensionless measure of speed, was 
calculated for each participant and used for statistical analyses (Hof, 1996). 
 For analysis, the foot was divided into 10 anatomical regions using Novel Database 
software (Figure 5.4). These regions are automatically defined by the software according 
to the participant’s foot print morphology, and include the medial hindfoot, lateral hindfoot, 
medial midfoot, lateral midfoot, 1st metatarsal, 2nd metatarsal, 3rd through 5th metatarsals, 
1st toe (hallux), 2nd toe, and 3rd through 5th toes. Pressure data were extracted for each of 
the 10 anatomical regions, including maximum force (N) and peak pressure (kPa). In order 
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to account for differences in participant body size, maximum force as a percent of body 
mass [Maximum Force / (Body Mass*9.80665)] was calculated and used in place of 
absolute maximum force in statistical analyses.  
 
Data Analysis 
The first step was to establish the three different groups within which the relative 
effects of arch height and other variables on midfoot loading were to be investigated. In 
other words, while it was a goal of this study to investigate these effects in both children 
and adults, using age as the primary factor to separate these groups is not necessarily 
appropriate given that arch maturation and foot growth are complete prior to the age at 
which one is considered an adult (Forriol and Pascual, 1990; Bertsch et al., 2004; Scheuer 
& Black, 2004; Onodera et al., 2008; Müller et al., 2012; Waseda et al., 2014). While a 
number of studies report that the arch is developed around age 6 (Bertsch et al., 2004; 
Müller et al., 2012; Onodera et al., 2008), others contend that the arch continues to develop 
until the early teenage years (Forriol and Pascual, 1990; Waseda et al., 2014). Therefore, 
it was necessary to determine the age of arch maturation specific to the present sample. 
This age range was determined by first investigating the relationship between arch height 
and age for the sample to determine whether there was a natural point (i.e., age) at which 
arch height stabilized. A LOESS curve was fit to the data points plotted for both the 
morphological (navicular height index) and pressure (arch index) longitudinal arch 
measures against age in order to estimate the age at which arch height stabilized (see 
below). Participants younger than this age were placed into Group A: juveniles, arch 
developing. Participants older than this age were placed into Groups B and C. Membership 
into Groups B and C was determined by investigating the relationship between foot length 
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and age to determine whether there was a natural point (i.e., age) at which foot length was 
complete. A LOESS curve was fit to the data points plotted for the foot length measures 
against age in order to estimate the age of adult foot length (see below). Participants 
younger than this age were placed into Group B: juveniles, arch developed; those older 
than this age were placed into Group C: adults. 
Descriptive statistics were used to describe sample variation in longitudinal arch 
height, static anthropometric and foot shape variables, speed (Froude number), and foot 
loading variables, including relative maximum force and peak pressure of the medial 
midfoot, lateral midfoot, and total foot. Differences in variable means between the groups 
were tested using a one-way ANOVA or Kruskal-Wallis test, where appropriate. 
Relationships between variables within each group were tested using correlation statistics. 
Finally, a stepwise multiple regression analysis was used to determine which of the static 
participant variables were significant predictors of relative maximum force and peak 
pressure beneath the medial and lateral midfoot regions for each of the three age groups. 
First, Pearson product-moment correlation coefficients were computed to test for 
relationships between each of the static participant variables (i.e., arch height, 
anthropometric and foot shape metrics). Variables that were found to have a statistically 
significant correlation with one another were removed from the potential list of explanatory 
variables included in the multiple regression. Also, because speed is a factor known to 
influence foot loading (Rosenbaum et al., 1994), a Pearson product-moment correlation 
test was performed to determine whether it was necessary to control for speed as a covariate 
for the multiple regression analysis. Finally, static participant variables that were 
determined to have a significant correlation with plantar loading were entered into a 
stepwise multiple linear regression to determine their relative importance in explaining 
variation in loading of the medial and lateral midfoot regions. Speed was included as a 
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covariate, where appropriate. These regression analyses were performed for each group (A, 
B, C) for two different gait types (walk, Froude < 0.50; and run, Froude ≥ 0.50). 
 
Longitudinal Arch Height Assessment – Creating Group A 
Longitudinal arch height was measured from each participant’s foot as the 
Navicular Height Index (NHI) and from their pressure data as the Arch Index (AI). It was 
not possible to measure the navicular height on a number of the youngest participants in 
the study because they were not able to stand still long enough to take the measurement. 
Therefore, a NHI was not calculated for all study participants. However, because AI is 
calculated from the dynamic pressure data, an AI value is available for all participants. NHI 
and AI are significantly negatively correlated with one another (Pearson’s r = -0.381, p = 
0.001), though this relationship is weak and NHI only explains approximately 14.5% of 
the variance in AI (Figure 5.5). The correlation between these two measures of arch height 
is weaker than predicted, and may be influenced by inter-individual differences in plantar 
tissue thickness. A decision was made to include both measures of arch height given that 
NHI is known to correlate strongly with radiographic measures of arch height (Saltzman 
et al., 1995), and AI is available for the entire study sample.  
First, a Student’s t-test was performed to determine whether arch height was similar 
between males and females in each group, as previous studies have reported gender 
differences in this trait in both children and adults (e.g., Ashizawa et al., 1997; Barker & 
Scheuer, 1998; Wunderlich & Cavanagh, 2001; Echarri & Forriol, 2003; Stavlas et al., 
2005; Pfeiffer et al., 2006; Mickle et al., 2008; Chen et al., 2009; Bosch et al., 2010; Chang 
et al., 2010; but see El et al., 2006). In this sample, however, a gender difference in 
longitudinal arch height was not detected when measured as the AI [t(78) = 0.135, p = 
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0.893] or NHI [t(68) = -0.036, p = 0.971]. Therefore, males and females were pooled for 
subsequent analyses. 
The relationship between NHI and AI with age was investigated to determine the 
age of arch maturation in the study sample. Figure 5.6A shows a scatter plot with LOESS 
curve of NHI and age for all study participants, and Figure 5.6B shows the same 
relationship for only participants less than 20 years of age. Note that a small NHI indicates 
a low longitudinal arch, and NHI increases directly with arch height. Figure 5.7A shows a 
scatter plot with LOESS curve of AI and age for all study participants, and Figure 5.7B 
shows the same relationship for only participants less than 20 years of age. Note that a 
small AI indicates a high longitudinal arch, and AI decreases as arch height increases. After 
visual inspection of Figures 5.6 A-B and Figures 5.7 A-B, it was decided that arch height 
appears mature in this sample around age 6 as AI clearly stabilizes beyond this age (Figure 
5.7B). While this trend is not as clear for NHI (Figure 5.6B), there are fewer data points 
for NHI at young ages due to difficulties in measuring NH, and the absence of these data 
is likely affecting the trend captured in the LOESS curve. Therefore, all individuals age 6 
and under were grouped together as Group A: Juveniles, Arch Developing. The age of 6 
for arch maturation is consistent with previous studies of foot development (e.g., Bertsch 
et al., 2004). 
 
Foot Length Assessment – Creating Groups B and C 
The relationship between foot length and age was investigated to determine when 
foot length was mature for the study sample. Foot Length values taken from the foot 
tracings were used in this comparison since it was possible to measure foot length in this 
manner on more study participants, and given that this measure correlated so highly with 
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measurements calculated with the 3D landmark data (r = 0.996, p < 0.001; Figure 5.3). 
Figure 5.8A shows a scatter plot with LOESS curve of foot length against age for all study 
participants, and Figure 5.8B shows the same relationship for only participants less than 
25 years of age. After visual inspection of Figures 5.8 A-B, it was decided that foot length 
appears mature in this group around age 15 as foot length clearly stabilizes beyond this age 
(Figure 5.8B). Also, there is a gap in the sample with respect to age, as there are no 
participants aged 16 and 17 years (Table 5.1). Therefore, Group B includes participants 
between the ages of 6 and 15, and Group C includes participants older than age 15. Group 
B represents juveniles with a developed longitudinal arch, and Group C represents 
individuals with an adult-like foot. 
 
RESULTS 
Difference in Variables Between Groups A, B, and C 
Static Participant Variables 
Table 5.2 summarizes the mean and standard deviation for the static variables of 
participant anthropometry and foot shape for Groups A, B, and C. Group membership had 
a significant effect on all absolute measurements at the p = 0.05 level. Body mass, height, 
hip height, knee height, foot length, foot breadth, heel breadth, and bi-malleolar (ankle) 
breadth are all lowest for Group A, are higher in Group B, and are highest in Group C. 
These differences reflect that aspects of an individual’s size increase with age throughout 
ontogeny.  
Because absolute measurements of foot shape do not account for differences in 
individual size, three relative measures of foot breadth were calculated, including relative 
foot breadth at 25%, 50%, and 75% of foot length. This ratio was calculated as foot breadth 
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divided by foot length. Table 5.2 also summarizes the mean and standard deviation of these 
ratios for the three groups. Relative foot breadth was significantly different between the 
three groups at the p < 0.001 level. Post-hoc analyses reveal that relative foot breadth at 
25%, 50%, and 75% of foot length (i.e., hindfoot) was significantly larger in Group A 
compared to Groups B and C, but Groups B and C did not differ from one another (Figure 
5.9 A-C). This finding indicates that child participants in Group A, for whom the 
longitudinal arch was developing, have a relatively wider hindfoot, midfoot, and forefoot 
for their foot length than individuals for whom the longitudinal arch was developed. This 
difference also likely reflects the fact that participants in Group A presumably retain the 
pediatric fat pat, at least the youngest individuals. 
On a related note, contact area of the medial midfoot was predicted to be greater in 
Group A compared to Groups B and C, though no difference was observed in absolute 
medial midfoot contact area between the groups [F(2,78) = 1.232, p = 0.297] (Table 5.2). 
However, when contact area of the medial midfoot as a percentage of total foot contact 
area was compared across the groups, participants in Group A were found to have a 
statistically significant higher relative medial midfoot contact area than Groups B and C 
[F(2,78) = 11.911, p < 0.001] (Table 5.2; Figure 5.10). This finding reflects the fact that 
individuals in Group A have a pediatric fat pad and presumably a lower longitudinal arch 
(see below) than those in Groups B and C. Total foot contact area was also found to differ 
between all three groups, with those in Group A have the smallest total foot contact area 
and Group C having the largest [F(2,78) = 101.011, p < 0.001) (Table 5.2; Figure 5.11). 
This finding reflects differences in foot size between the three groups. 
Longitudinal arch height was measured as the navicular height index (NHI) and 
arch index (AI). NHI was significantly lower in Group A than Group C (p = .005), and in 
Group B than Group C (p = .015), but Groups A and B did not differ in NHI (p = .911) 
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(Table 5.2; Figure 5.12A). AI was not lower in Group A compared to Groups B and C, as 
was predicted, however [F(2,77) = 0.413, p = 0.663] (Table 5.2). The finding that mean 
AI was not statistically significantly higher in Group A compared to Groups B and C was 
unexpected, especially given that AI was a factor used to separate Group A from Groups 
B and C. Figure 5.12B shows the median and interquartile range of AI for each group, and 
it is clear that AI is more variable for participants in Group A than in Groups B and C. It is 
likely that the non-significant difference in AI between the groups is driven by a few 
participants in Group A who have a high longitudinal arch (i.e., low AI). 
 
Dynamic Pressure Variables 
Table 5.3 summarizes the mean and standard deviation for relative maximum force 
(as a percent of body mass) and plantar pressure for the medial midfoot, lateral midfoot, 
and total midfoot for Groups A, B, and C during walking trials (Froude < 0.5) and running 
trials (Froude ≥ 0.50).  
For walking trials, group membership had a significant effect on all variables at the 
p = 0.05 level, with the exception of relative maximum force experienced in the lateral 
midfoot region (Table 5.4). Consistent with predictions, post-hoc pairwise comparisons 
show that relative maximum force in the medial midfoot region is significantly higher in 
Group A compared to Group B, and in Group A compared to Group C, but Groups B and 
C were not significantly different from one another (Figure 5.13). This result reflects the 
fact that participants in Group A have a relatively larger medial midfoot contact area that 
can receive loads. Relative maximum force over the total foot is significantly lower in 
Group A compared to Group C, but Groups B and C do not differ from one another (Figure 
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5.14). This finding likely results from the much lower body mass of participants in Group 
A. 
Peak pressure of the medial midfoot is significantly lower in Group A compared to 
Group C during walking, and in Group B than Group C, though Groups A and B do not 
differ from one another (Figure 5.15). Participants in Group A likely experience a lower 
peak pressure over the medial midfoot given that they have absolutely lower body mass 
(i.e., force) that is distributed over a relatively larger medial midfoot contact area. Peak 
pressure of the lateral midfoot in Group A is significantly lower than Group C, but Groups 
A and B, and B and C, do not differ from one another (Figure 5.16). Again, this result 
likely reflects the lower body mass of participants in Group A. Finally, peak pressure over 
the total foot is significantly different between all three groups, with Group A experiencing 
the lowest pressure and Group C experiencing the highest pressure (Figure 5.17). 
For running trials, group membership had a significant effect on all variables at the 
p = 0.05 level, with the exception of relative maximum force (as a percentage of body 
weight) experienced in the lateral midfoot region and over the total foot (Table 5.5). Post-
hoc pairwise comparisons show that relative maximum force in the medial midfoot is 
significantly higher in Group A than Group C (Figure 5.18), and peak pressure is 
significantly lower in Group A than Group C (Figure 5.19), but these variables do not 
differ between Groups A and B, and B and C. This finding reflects that participants in 
Group A experience higher force for their body mass in the medial midfoot region given 
that more of their medial midfoot is in contact with the ground. However, given their 
smaller body mass and the larger contact area, peak pressure experienced in this region is 
lower for Group A compared to Group C. Peak pressure in the lateral midfoot region is 
also significantly lower in Group A than Group C, but does not differ between Groups A 
and B, or B and C (Figure 5.20). Here, the lower peak pressure experienced by Group A 
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is a result of their lower body mass. Finally, peak pressure in the total foot is significantly 
different between all three groups, with Group A experiencing the lowest pressure and 
Group C experiencing the highest pressure (Figure 5.21). 
 
Correlation of Body Mass, Foot Shape, and Arch Height with Dynamic Pressure 
Variables Within Groups A, B, and C during Walking Trials 
Group A 
Table 5.6 summarizes the correlation coefficients between static participant 
variables and the dynamic pressure variables during walking trials for Group A. Here, only 
the three relative measures of foot breadth were used to quantify foot shape given that there 
was high correlation among the static participant variables within each group. In Group A, 
relative maximum force experienced in the medial midfoot region was significantly 
negatively correlated with body mass, such that individuals of a higher mass experienced 
lower force for their body mass beneath the medial midfoot. This trend is likely due to the 
fact that the larger individuals are also older in age and thus have a higher longitudinal 
arch, as indicated by the statistically significant positive relationship between relative 
maximum force of the medial midfoot and the arch index. In other words, participants with 
a low arch (i.e., high arch index) experience greater relative maximum force beneath their 
medial midfoot than those with a high arch. Individuals with a low arch also experience 
greater relative maximum force in the lateral midfoot region, a finding consistent with 
previous reports of lateral midfoot loading in adults (DeSilva et al., 2015). 
Relative foot breadth was significantly positively correlated with relative maximum 
force and peak pressure in the medial and lateral midfoot regions. This finding indicates 
that individuals with relatively wider feet experience greater force for their body mass and 
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pressure across the entire midfoot, though not across the total foot. Total foot peak pressure 
was significantly positively correlated with body mass and negatively correlated with 
hindfoot breadth. In other words, individuals of a larger body mass and narrower hindfoot 
(i.e., smaller area) experience greater pressure.  
 
Group B 
Table 5.7 summarizes the correlation coefficients between static participant 
variables and the dynamic pressure variables during walking trials for Group B. In Group 
B, relative foot breadth was significantly positively correlated with relative maximum force 
in the medial midfoot region, where individuals with relatively wider feet experienced 
higher force for their body mass. Individuals with a lower navicular height index (i.e., 
longitudinal arch) also experienced relatively higher maximum force in the medial midfoot 
region, as well as higher peak pressure. Peak pressure of the medial midfoot was also higher 
among individuals with a relatively wider hindfoot region. In the lateral midfoot, 
individuals with a high arch index (i.e., low longitudinal arch) experienced greater relative 
maximum force than those with a low arch index. Peak pressure of the lateral midfoot was 
significantly positively correlated with body mass, consistent with the findings of DeSilva 
and colleagues (2015) for a sample of adults. Peak pressure experienced over the total foot 
was also significantly positively correlated with body mass, and was significantly 
negatively correlated with relative midfoot breadth. The latter of these findings indicates 
that individuals with a relatively narrow midfoot region experience higher pressure over 
the total foot, presumably resulting from a smaller contact area over which their body mass 




Table 5.8 summarizes the correlation coefficients between static participant 
variables and the dynamic pressure variables during walking trials for Group C. In Group 
C, individuals with a relatively wider hindfoot, forefoot, and higher arch index (i.e., lower 
longitudinal arch) experienced greater relative maximum force and peak pressure beneath 
their medial midfoot than individuals with narrow feet and higher arches. Greater relative 
maximum force in the lateral midfoot region was also experienced by participants who had 
relatively wider feet and lower longitudinal arches. Lateral midfoot peak pressure was 
higher among those of larger body mass, relatively wider hindfoot, and a lower longitudinal 
arch, a finding that is consistent with a previous study (DeSilva et al., 2015). Relative 
maximum force and peak pressure experienced over the total foot was not correlated with 
body size, foot shape, or arch height.  
 
Relationship Between Speed and Midfoot and Total Foot Loading 
Table 5.9 summarizes the correlation coefficients between Froude number, a 
dimensionless measure of speed, and relative maximum force (as a percent of body mass) 
and peak pressure experienced in the medial midfoot, lateral midfoot, and total foot. Froude 
number had a statistically significant positive correlation with all six dynamic variables for 
the complete sample and within Groups B and C. In Group A, Froude number had a 
significant positive correlation with five of the six dynamic variables, the exception being 
relative maximum force experienced in the medial midfoot region. Therefore, an increase 
in speed is associated with an increase in relative maximum force and peak pressure 
beneath the medial midfoot, lateral midfoot, and total foot for all participants who have a 
mature longitudinal arch. Young child participants for whom the arch is developing did not 
experience an increase in relative maximum force beneath their medial midfoot as speed 
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increased, however. And although Froude number was found to have a statistically 
significant positive correlation with midfoot and total foot loading, the strength of the 
relationship differs between these regions of the foot. Froude number was most strongly 
correlated with relative maximum force experienced over the total foot for the complete 
sample and in Groups B and C. In Group A, Froude number was most strongly correlated 
with peak pressure of the lateral midfoot and total foot. It is unclear whether the different 
pattern observed for Group A is related to immature gait kinematics and/or the absence of 
a longitudinal arch. 
 
DISCUSSION 
Longitudinal Arch Height and Foot Loading 
This study investigated differences in dynamic pressure variables of the midfoot 
and total foot between three groups that were defined, in part, according to the development 
of the longitudinal arch—children aged 1-6 years, for whom the longitudinal arch was still 
developing (Group A); children aged 6-15 years, for whom the longitudinal arch was 
developed (Group B); and adults over 18 years of age, who had a fully developed 
longitudinal arch and foot (Group C). Group A consisted of young children for whom the 
longitudinal arch was is a state of development. In this sample, the longitudinal arch 
appeared to have reached maturity in children approximately age six and older, a finding 
that is consistent with previous studies (Bertsch et al., 2004; Müller et al., 2012; Onodera 
et al., 2008). The age of six is also significant with respect to bipedal gait maturity, as 
studies have shown that the kinematics of the developing child’s gait also reach maturity 
around this age (Sutherland, 1997; Samson et al., 2011). Group B consisted of children for 
whom the longitudinal arch was developed, yet were still experiencing foot growth. In this 
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sample, foot length was assessed to have reached maturation around age 15, a finding that 
is consistent with other publications on foot growth (Scheuer & Black, 2004). 
Consistent with expectations, longitudinal arch height was lowest in Group A, 
higher in Group B, and highest in Group C, when measured as the navicular height index, 
a static measure of arch height. Arch index, however, was not significantly different 
between the groups, indicating that inter-individual variation in morphological arch height 
may be lost when arch height is measured dynamically. As is evident in Figure 5.5, 
individuals with a given navicular height index can exhibit dramatically different arch 
indices. These differences may result from inter-individual variation in plantar tissue 
thickness. In other words, two individuals may have a similar navicular height to foot 
length ratio; yet, if one individual has thicker plantar tissue beneath the medial midfoot 
than the other, the one with the thicker tissue may have a higher arch index because the 
contact area of the midfoot region will be greater relative to the total foot contact area than 
it would be for the individual with more minimal plantar tissue thickness. For this reason, 
assessing longitudinal arch height in multiple ways could enhance our understanding of the 
relative contributions of soft tissue and bony structural anatomy on foot loading patterns. 
Longitudinal arch height was not found to consistently affect loading of the medial 
and/or lateral midfoot, or total foot among the three groups. However, whenever a 
statistically significant relationship was observed, the trend was consistent: a lower 
longitudinal arch was associated with higher relative maximum force or peak pressure in 
that region. This finding is consistent with previous studies such as Morag and Cavanagh 
(1999), who found that variation in arch height was the primary structural factor that 
explained midfoot loading. While the Morag and Cavanagh (1999) study investigated the 
effects of arch height on midfoot loading as a whole, the present study divided the midfoot 
into medial and lateral components to investigate the effects of arch height on both regions, 
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as well as the total foot. In addition, this study investigated whether arch height explained 
variation in midfoot loading in children, as well as adults. In the present study, arch index 
was significantly positively correlated with relative maximum force (as a percent of body 
mass) in the medial and lateral midfoot regions for Groups A and C, and with relative 
maximum force of the lateral midfoot for Group C (Tables 5.6 – 5.8). However, arch index 
was not correlated with relative maximum force over the total foot in any group, indicating 
that the effects of arch height on relative maximum force are more localized (i.e., to the 
midfoot versus the total foot), irrespective of age. However, arch index was significantly 
positively correlated with peak pressure of the medial and lateral midfoot in the adult 
sample only (Table 5.8). This finding is likely due to the fact that the feet of adult 
individuals must support an absolutely greater load per unit area than children. 
The relationship between navicular height index and the dynamic pressure variables 
was different than what was observed for the arch index. In other words, navicular height 
index and arch height did not share the same significant relationships with the dynamic 
pressure variables (Tables 5.6 – 5.8). When statistically significant correlations were 
found, however, navicular height index was found to exhibit a negative relationship with 
the dynamic pressure variables, showing again that a low arch is associated with higher 
relative maximum force and/or peak pressure in the given region. One methodological item 
to note, however, is that the navicular height index could not be calculated for a number of 
the participants in Group A, and some in Group B. Therefore, it is possible that non-
significant correlations in Group A is an artifact of low sample size. However, it may also 
be the case that some dynamic pressure variables (e.g., relative maximum force and peak 
pressure in the medial midfoot for Group B; Table 5.7) were significantly positively 
correlated with navicular height index, but not arch index, because these indices are 
measuring slightly different aspects of arch-related anatomy (i.e., NHI = bony anatomy, 
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while AI = bony + soft tissue anatomy). Therefore, the arch index may be a more 
appropriate measure of arch height in clinical contexts because it more accurately 
quantifies how much of the foot is contacting the substrate, while the navicular height index 
may be more appropriate when thinking about foot function in fossil hominins because it 
is very difficult to discern soft tissue anatomy from bony fossils alone. 
 
Relationship Between Static Participant Variables and Midfoot and Total Foot 
Loading 
In this study, child participants for whom the longitudinal arch was developing 
(Group A) experienced a higher force for their body weight in the medial midfoot region 
during both walking and running strides than did individuals who had a mature longitudinal 
arch (Groups B and C), yet experienced lower pressure in this region (Table 5.3).  This 
finding is likely related to the fact that participants in Group A have a lower longitudinal 
arch and therefore a greater midfoot contact area than both child and adult participants with 
a mature longitudinal arch. Also, the absolute force experienced in this region is lower for 
Group A, which would contribute to a lower peak pressure. The finding that children in the 
sample for whom the arch is developing experience greater force for their body weight 
beneath the medial midfoot region is consistent with previous studies documenting age-
related changes in foot loading patterns (e.g., Hennig & Rosenbaum, 1991; Bertsch et al., 
2004). 
Variation in the relative maximum force experienced in the medial midfoot region 
was correlated with similar participant variables for each group. Among the child 
participants for whom the arch was developing (Group A), individuals who were of a 
smaller body mass and had relatively wider feet with a low longitudinal arch experienced 
greater force for their body mass in the medial midfoot region while walking. Among the 
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child participants with a developed arch (Group B), a similar trend was observed, where 
those participants who had relatively wider feet and a low longitudinal arch experienced 
higher force for their body mass in the medial midfoot region during walking. Body mass 
was not correlated with relative maximum force of the medial midfoot in this group, 
however, or among adult participants. For adult participants (Group C), those with a low 
longitudinal arch height and a relatively wide hindfoot and/or forefoot experienced greater 
relative maximum force for their body mass beneath the medial midfoot. Therefore, it 
seems that individuals with a relatively wider foot and a lower longitudinal arch experience 
greater relative maximum force beneath the medial midfoot region, regardless of body size 
and age. A similar trend was observed for peak pressure experienced in the medial midfoot 
region, where participants from all three groups who had relatively wider feet and a lower 
longitudinal arch experienced higher pressure beneath the medial midfoot. Within each 
group, body size was not significantly correlated with peak pressure in this region, which 
may indicate that aspects of an individual’s foot shape and arch height are more important 
in determining pressure experienced beneath the medial midfoot than body size. The peak 
pressure experienced in the medial midfoot was similar among child participants 
irrespective of arch maturation (i.e., Groups A and B), and was significantly higher for 
adult participants (Group C). Given that pressure is the quotient of force over area, this 
finding indicates that while although children in Group A experienced greater relative 
maximum force in the medial midfoot region, their lower absolute force compared to adults 
results in a lower peak pressure. Other studies have reported a similar finding that peak 
pressures beneath children’s feet are lower in all anatomical regions than adults (Hennig & 
Rosenbaum, 1991). Given that peak pressure in the medial midfoot was not significantly 
different between Groups A and B in this study, it appears that children experience lower 
peak pressure in the medial midfoot than adults, regardless of arch maturation.  
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A number of recent studies have reported that a small percentage of non-
pathological humans exhibit elevated lateral midfoot loading only previously thought to 
characterize non-human primates (e.g., Crompton et al. 2012; Bates et al., 2013; DeSilva 
& Gill, 2013; DeSilva et al., 2015). Individuals of a higher body mass and with a lower 
longitudinal arch have been reported to experience higher peak pressure in the lateral 
midfoot region among adults during walking trials (DeSilva et al., 2015), but it was unclear 
if these same relationships occur in children. In the current study, all groups experienced a 
similar maximum force relative to their body mass in the lateral midfoot region (Table 
5.4). However, peak pressure in this region was lower for child participants compared to 
adults, regardless of arch maturation. Again, this difference is likely because the children 
experience absolutely lower force than adults. Among participants in all three groups, those 
who had a lower longitudinal arch (i.e., higher arch index) experienced greater relative 
maximum force for their body mass in the lateral midfoot while walking (Tables 5.6-5.8). 
In Groups A and C, participants with a relatively wider foot also experienced higher 
maximum force for their body mass in this region, though this trend was not observed 
among members of Group B. Peak pressure experienced in the lateral midfoot region was 
higher among participants in Group A who had a relatively wider hindfoot and midfoot, 
but was not higher among participants who had a lower arch or a larger body size. In Group 
B, body size was found to have a significant positive correlation with lateral midfoot peak 
pressure, consistent with a relationship previously observed among adults (DeSilva et al., 
2015). Here, adult participants who were of a larger body size and lower longitudinal arch 
(i.e., higher arch index) were also observed to experience higher peak pressure beneath the 
lateral midfoot, similar to what has been reported in previous studies (DeSilva et al., 2015). 
Therefore, the results of this study demonstrate foot shape (i.e., relative breadth) is more 
important in determining lateral midfoot loading among young children for whom the 
 220 
longitudinal arch is developing than is arch height or body size. Among participants for 
whom the arch is mature (Groups B and C), those who are of a larger body size experience 
greater loading of the lateral midfoot region. Relative foot breadth and arch height also 
affect lateral midfoot loading among adult participants, where those who have a relatively 
wider foot and lower arch experience greater loads. 
The relative maximum force as a percentage of body mass experienced over the 
total foot was lowest in child participants for whom the arch was developing (Group A), 
and was significantly lower than that experienced by adult participants during walking 
trials (Table 5.4; Figure 5.14). During running, however, children in this young age group 
experience similar force over the total foot given their body weight as that experienced by 
older children and adults for whom the longitudinal arch is fully developed (Table 5.3). 
Previous studies have reported that the foot experiences forces approximately 2.5 times 
greater during running (Robbins & Hanna, 1987), and the results of this study are consistent 
with that estimate for all three groups (Table 5.3). Interestingly, relative maximum force 
experienced over the total foot was not significantly correlated with body mass, foot shape, 
or longitudinal arch height among participants in any group. Peak pressure over the total 
foot was significantly different between the three groups, showing yet again that children 
experience lower peak pressure than adults, irrespective of arch maturation (Table 5.4).  
Among child participants in Groups A and B, peak pressure experienced over the total foot 
was higher among those who were of a larger body mass, and was also higher among those 
with a narrow hindfoot and midfoot in Group A and B, respectively (Tables 5.6 and 5.7). 
In general, total foot relative maximum force and peak pressure was correlated with the 
fewest number of static participant variables when compared to other dynamic pressure 
variables. This finding is possibly due to the fact that kinematic aspects of an individual’s 
gait may explain a greater portion of the variance in total foot loading than static 
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anthropometric variables alone (Morag & Cavanagh, 1999). While a previous study by 
Morag and Cavanagh (1999) have found this to be true for adults, the results of the current 
study show that this may also be true for children. 
 
Effects of Speed on Midfoot and Total Foot Loading 
Speed (measured as Froude number) had a significant positive relationship with 
midfoot and total foot loading, where an increase in speed was associated with an increase 
in relative maximum force and peak pressure (Table 5.9). A previous study by Rosenbaum 
and colleagues (2004) noted that when adult individuals increased their walking speed, 
they experienced a significant increase in peak pressure beneath the heel and medial 
forefoot, and a significant decrease in pressure under the midfoot and lateral forefoot. 
Therefore, the results of the present study are not consistent with this previous study. Here, 
an increase in speed (which included both walking and running gaits) was associated with 
an increase in midfoot and total foot loading, and the relationship was particularly strong 
for the total foot in all three groups (Table 5.9).  
 
Speed and Midfoot Motion 
While midfoot motion was not measured in the present study, a number of 
participants were observed to exhibit midfoot motion on the videos used to measure speed 
(Figure 5.22). In a recent study by DeSilva and colleagues (2015), a lateral midfoot peak 
pressure ≥ 200 kPa was associated with midfoot dosiflexion, and was observed in 
approximately 8% of participants, all of whom were walking. In the present study, 60 out 
of 191 trials (31%) were recorded where lateral midfoot peak pressure was greater than or 
equal to 200 kPa. Of these trials, 6 (10%) occurred during walking and 54 (90%) occurred 
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during running. Therefore, midfoot mobility may be affected by locomotor speed in 
humans. To demonstrate this, Figure 5.23 shows the pressure maps of two individuals 
moving at three increasing speeds. Here, it is evident that the pressure experienced in the 
lateral midfoot region – at the cubometatarsal joint – increases with speed. Therefore, 
studies of human foot mobility should consider the effects of speed on midfoot motion. 
 
Implications for Inferring Foot Loading in Fossil Hominins 
The results of this study are consistent with previous reports that there is a negative 
relationship between longitudinal arch height and foot loading of the midfoot region (e.g., 
Morag & Cavanagh, 1999; DeSilva et al., 2015). The results of this study add to our 
understanding of this relationship between arch height and midfoot loading by 
demonstrating that this trend is present within children as well as adults. While previous 
reports of foot loading in developing children have shown that midfoot loading decreases 
as arch height increases (Bertsch et al., 2004), the relationship was not well explored in 
children for whom the arch was already mature. Given that early hominins were of a 
smaller body size than contemporary adults who comprise the samples of most plantar 
pressure studies (McHenry, 1992; Grabowski et al., 2015), finding this same negative 
relationship in children means that a similar pattern could have been present in small-
bodied hominins. In addition, this study found that young, small-bodied participants and 
adults who have relatively wider feet also experience greater loading of the midfoot region. 
Given that early hominins have been estimated to have had relatively broad feet for their 
foot length and stature, similar to habitually unshod populations (Tuttle et al., 1990; 
Meldrum, 2004; Hatala et al., 2016), the results of this study also suggest that early 
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hominins may have experienced greater midfoot loading than modern humans as a result 
of their foot shape. 
If a low longitudinal arch is associated with greater loading of the medial and lateral 
midfoot, then it follows that foot bone morphologies linked with arch height may be 
suggestive of midfoot loading in fossil hominins. Unfortunately, directly testing the link 
between foot bone morphology, arch height, and midfoot loading was outside the scope of 
this chapter. One observation can be made, however, given data that were reported in 
earlier chapters of this dissertation. Morag and Cavanagh (1999) found that the calcaneal 
inclination angle, a radiographic measure of longitudinal arch height, explained a 
significant amount of the variance in midfoot loading. In Chapter 3 of this dissertation, the 
cuboid facet angle of the calcaneus was found to be significantly positively correlated with 
the calcaneal inclination angle. Therefore, it is hypothesized that individuals who exhibit a 
low cuboid facet angle, and therefore a low calcaneal inclination angle (arch height), would 
also exhibit elevated midfoot loading. Future studies should combine data on foot bone 
shape (via x-ray and/or MRI), longitudinal arch height, and foot loading to address this and 
related hypotheses.  
 
CONCLUSIONS 
 In general, relative maximum force (as a percentage of body weight) is higher 
in the medial and lateral midfoot regions among those who exhibit a lower 
longitudinal arch and a relatively wider foot, irrespective of whether the arch is 
undergoing development or if its development is mature. 
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 Peak pressure of the medial and lateral midfoot regions is higher in adults who 
have a lower longitudinal arch, but arch height does not affect peak pressure in 
the midfoot in children. 
 Relative maximum force (as a percent of body weight) experienced over the 
total foot is not related to participant differences in body size, foot shape, or 
longitudinal arch height, indicating that the effects of arch height on foot 
loading are more localized. 
 Relative maximum force and peak pressure of the medial midfoot, lateral 
midfoot, and total foot increases with locomotor speed, though the effects are 
greater for the total foot than the midfoot. 
 Lateral midfoot peak pressures in excess of 200 kPa were observed in this 
sample, primarily during running trials. Therefore, locomotor speed may affect 
















































Figure 5.1: Landmarks and metrics of the external surface of the foot and ankle. 1 = 
lateral malleolus; 2 = posterior-most aspect of heel; 3 = medial malleolus; 4 
= medial-most point of 1st metatarsal head; 5 = distal-most point of 1st digit; 
6 = lateral-most point of 5th metatarsal head. 
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Figure 5.5: Scatter-plot of Arch Index (AI) and Navicular Height Index (NHI) for the 





Figure 5.6A: Scatter-plot with LOESS curve of Navicular Height Index and Age for all 




Figure 5.6B: Scatter-plot with LOESS curve of Navicular Height Index and Age for 




Figure 5.7A: Scatter-plot with LOESS curve of Arch Index and Age for all study 




Figure 5.7B: Scatter-plot with LOESS curve of Arch Index and Age for study 














Figure 5.8B: Scatter-plot with LOESS curve of foot length and age for study

















Static Participant Variables – Absolute Measurements 
Body Mass (kg) 14.63 ± 3.57 36.25 ± 12.83 66.84 ± 14.74 
Height (cm) 97.28 ± 16.73 145.19 ± 17.92 165.91 ± 10.06 
Hip Height (cm) 44.59 ± 7.67 75.82 ± 12.65 89.74 ± 5.66 
Knee Height (cm) 24.60 ± 3.96 40.32 ± 6.38 46.98 ± 3.43 
Foot Length (cm) 15.35 ± 1.87 22.22 ± 3.10 24.60 ± 1.95 
Foot Breadth 25% length (cm) 4.42 ± 0.32 5.49 ± 0.83 6.38 ± 0.67 
Foot Breadth 50% length (cm) 5.37 ± 0.34 6.95 ± 0.93 7.99 ± 0.76 
Foot Breadth 75% length (cm) 6.37 ± 0.48 8.36 ± 0.97 9.18 ± 0.66 
Metatarsal breadth (cm) 7.16 ± 1.04 8.42 ± 1.13 9.66 ± 0.73 
Heel Breadth (cm) 3.99 ± 0.91 4.39 ± 0.54 5.04 ± 0.61 
Bi-Malleolar Breadth (cm) 5.21 ± 0.48 6.15 ± 0.65 6.76 ± 0.57 
Instep Length (cm) 7.33 ± 0.97 8.97 ± 1.23 10.42 ± 1.17 
Lateral Foot Length (cm) 14.98 ± 2.59 18.19 ± 2.61 20.50 ± 1.60 
 
Ratios of Foot Size 
Relative Breadth 25% .29 ± 0.037 .25 ± 0.021 .26 ± 0.022 
Relative Breadth 50% .35 ± 0.037 .31 ± 0.017 .32 ± 0.021 
Relative Breadth 75% .42 ± 0.028 .38 ± 0.021 .37 ± 0.018 
 
Contact Area 
Medial Midfoot Contact Area 
(cm2) 
3.17 ± 1.59 2.73 ± 1.86 4.08 ± 4.12 
Total Foot Contact Area (cm2) 53.37 ± 14.30 92.80 ± 23.73 118.93 ± 17.95 
Medial Midfoot Contact Area / 
Total Foot Contact Area 
0.0662 ± 0.039 0.0295 ± 0.018 0.0324 ± 0.026 
 
Longitudinal Arch Height 
Navicular Height Index  0.116 ± 0.034 0.120 ± 0.029 0.145 ± 0.031 
Arch Index 0.099 ± 0.032 0.092 ± 0.025 0.095 ± 0.026 
Table 5.2:  Mean and standard deviation for static participant variables in Groups A 





Figure 5.9A: Box-plots of median and interquartile range of relative foot breadth at 
25% of foot length for Groups A, B, and C. Group A has a significantly 










Figure 5.9B: Box-plots of median and interquartile range of relative foot breadth at 
50% of foot length for Groups A, B, and C. Group A has a significantly 











Figure 5.9C: Box-plots of median and interquartile range of relative foot breadth at 
75% of foot length for Groups A, B, and C. Group A has a significantly 










Figure 5.10:  Box-plots of median and interquartile range of relative medial midfoot 
 contact area for Groups A, B, and C. Group A has a significantly greater 






Figure 5.11: Box plots of median and inter-quartile range of total foot contact area (cm2) 
for Groups A, B, and C. There is a statistically significant difference in total 










Figure 5.12A: Box-plots of median and interquartile range of navicular height index for 
Groups A, B, and C. Groups A and B have significantly lower arches 





Figure 5.12B: Box-plots of median and interquartile range of Arch Index (AI) for 
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Table 5.3: Mean and standard deviation for dynamic pressure variables in Groups A 
(Age 1≤6 years), B (Age 6≤15 years), and C (Age >15 years). Maximum 
force represents the maximum force experienced in the region as a 










 df F p < 
 
Medial Midfoot 
relative maximum force 2, 52 8.993 .001** 
peak pressure 2, 52 5.979 .005** 
 
Lateral Midfoot 
relative maximum force 2, 52 2.130 .129 
peak pressure 2, 52 8.134 .001** 
 
Total Foot 
relative maximum force 2, 52 8.088 .001** 
peak pressure 2, 52 36.834 .001** 
Table 5.4: Results of one-way ANOVA of the effect of group membership on six 


















Figure 5.13: Box-plots of median and interquartile range of maximum force (as a percent 
of body mass) of the medial midfoot during walking trials (Froude < 0.5) for 




Figure 5.14:  Box-plots of median and interquartile range of maximum force (as a  
  percent of body mass) of the total foot during walking trials (Froude  




Figure 5.15:  Box-plots of median and interquartile range of peak pressure (kPa) of the  
  medial midfoot during walking trials (Froude < 0.5) for Groups A, B, and  







Figure 5.16:  Box-plots of median and interquartile range of peak pressure (kPa) of the  
  lateral midfoot during walking trials (Froude < 0.5) for Groups A, B, and  






Figure 5.17:  Box-plots of median and interquartile range of peak pressure (kPa) of the  
  total foot during walking trials (Froude < 0.5) for Groups A, B, and  











 df F p < 
 
Medial Midfoot 
relative maximum force 2, 121 8.659 .001** 
peak pressure 2, 121 3.400 .037** 
 
Lateral Midfoot 
relative maximum force 2, 121 1.958 .146 
peak pressure 2, 121 12.507 .001** 
 
Total Foot 
relative maximum force 2, 121 .795 .454 
peak pressure 2, 121 64.290 .001** 
Table 5.5: Results of one-way ANOVA of the effect of Group membership on six 






Figure 5.18: Box-plots of median and interquartile range of maximum force (as a percent 
of body mass) of the medial midfoot during running trials (Froude ≥ 0.5) for 




Figure 5.19:  Box-plots of median and interquartile range of peak pressure (kPa) of the  
  medial midfoot during running trials (Froude ≥ 0.5) for Groups A, B, and  








Figure 5.20:  Box-plots of median and interquartile range of peak pressure (kPa) of the  
  lateral midfoot during running trials (Froude ≥ 0.5) for Groups A, B, and  






Figure 5.21:  Box-plots of median and interquartile range of peak pressure (kPa) of the  






















Body Mass (kg) -.887** -.298 -.560 -.260 -.611 .653* 
Relative Foot Breadth 
25% length (cm) 
.694** .457* .755** .516* .035 -.462* 
Relative Foot Breadth 
50% length (cm) 
.735** .447* .804** .514* .110 -.362 
Relative Foot Breadth 
75% length (cm) 
.467* .436* .682** .401 .249 -.210 
Navicular Height Index  .658 -.195 -.186 -.284 .007 -.408 
Arch Index .678* .490 .869** .572 .542 -.508 
Table 5.6:  Correlation coefficients between static participant variables and dynamic 
pressure variables for the medial and lateral midfoot regions and over the 
total foot for Group A. *Significant at the p < 0.05 level; **Significance at 



























Body Mass (kg) -.324 .230 .458 .755** -.256 .565* 
Relative Foot Breadth 
25% length (cm) 
.650** .554* .272 .275 .315 -.219 
Relative Foot Breadth 
50% length (cm) 
.702** .313 .481 .340 .150 -.503* 
Relative Foot Breadth 
75% length (cm) 
.518** .066 -.040 -.134 .187 -.370 
Navicular Height Index  -.589* -.544* -.329 -.128 .000 -.163 
Arch Index .405 -.189 .833** .292 -.246 -.388 
Table 5.7:  Correlation coefficients between static participant variables and dynamic 
pressure variables for the medial and lateral midfoot regions and over the 
total foot for Group B. *Significant at the p < 0.05 level; **Significance at 



























Body Mass (kg) .119 .419 .055 .432* .323 .070 
Relative Foot Breadth 
25% length (cm) 
.534** .473** .441** .403* .131 .026 
Relative Foot Breadth 
50% length (cm) 
.316 .173 .603** .248 .259 .045 
Relative Foot Breadth 
75% length (cm) 
.402* .337* .332* .303 .266 .108 
Navicular Height Index  -.256 -.110 -.468** -.257 -.152 -.213 
Arch Index .714** .386* .851** .450* .308 .163 
Table 5.8:  Correlation coefficients between static participant variables and dynamic 
pressure variables for the medial and lateral midfoot regions and over the 
total foot for Group C. *Significant at the p < 0.05 level; **Significance at 





























.219** .239** .532** .458** .608** .315** 
Group A .202 .444** .347* .593** .460** .593** 
Group B .432** .478** .524** .413* .894** .371* 
Group C .239* .222* .591** .517** .846** .352** 
Table 5.9: Correlation coefficients between Froude number (dimensionless speed) and 
six dynamic pressure variables for the total sample and within Groups A, B, 
and C. “MF %BM” = relative maximum force as a percent of body mass; 
“Peak Pr” = peak pressure (kPa). *Significant at the p < 0.05 level; 



















Figure 5.22: Example of a participant who exhibited lateral midfoot dorsiflexion at the 






















Figure 5.23: Pressure maps recorded from the participant pictured in Figure 5.22 showing 
elevated pressure beneath the lateral midfoot (cubometatarsal joint; white 
arrow) with increasing speed of locomotion. Speed increases in figures from 











Chapter 6: Summary and Future Directions 
The primary goal of this dissertation was to enhance our understanding of the 
relationship between foot bone shape and longitudinal arch height. For too long, studies 
have used the human versus ape comparative framework as a means of identifying aspects 
of foot bone morphology that could be structurally-related to longitudinal arch presence 
(e.g., Lamy, 1986; Berillon, 2003; Ward et al., 2011; Prang, 2015; but see DeSilva & 
Throckmorton, 2010). This approach has overlooked the fact that the longitudinal arch 
varies continuously among humans, many of whom are flat footed (Hoffmann, 1905; 
Staheli et al., 1987; Cavanagh et al., 1997; Morag & Cavanagh, 1999; Wunderlich & 
Cavanagh, 2001; D’Août et al., 2009; Stolwijk et al., 2013). Therefore, the approach of 
this dissertation was to investigate the relationship between bony morphology and 
longitudinal arch height within humans, utilizing the fact that humans exhibit variation in 
arch height to identify these links. In addition to exploring these relationships among adults 
who vary in arch height, this dissertation also investigated whether aspects of bony 
morphology thought to be linked to arch presence change in morphology over the period 
of longitudinal arch development, as the child’s foot transforms from a having a flat plantar 
surface to having an arch. And finally, this dissertation investigated the effects of 
longitudinal arch height on dynamic plantar loading of the midfoot region and total foot to 
improve our understanding of how variation in foot form affects foot function. 
 
CHAPTER SUMMARIES 
Chapter 2 of this dissertation included a study that addressed whether variation in 
the sagittal angle of the distal tibia was positively related to variation in longitudinal arch 
height in adult humans, and also investigated whether this angle acquired its adult 
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morphology during the period of longitudinal arch development. Following the work of 
DeSilva and Throckmorton (2010), this study tested the relationship between the distal 
tibia sagittal angle and radiographic measures of longitudinal arch height using a sample 
of lateral foot and ankle radiographs. The results of this study were inconsistent with those 
of DeSilva and Throckmorton (2010), however, as a significant positive relationship 
between the distal tibia sagittal angle and the measured of longitudinal arch height was not 
independently detected in this sample. Two archaeological samples of skeletonized human 
remains were used to look for age-related changes in the sagittal angle of the distal tibia. 
The results of this aspect of the study show that the angle does undergo changes throughout 
ontogeny, achieving its adult morphology around age 12, the age around which adult foot 
size is typically achieved (Scheuer & Black, 2004). Whether ontogenetic changes in the 
distal tibia sagittal angle are driven by forces experienced at the ankle joint is unclear. The 
changes do not appear to be related to the development of the longitudinal arch, however, 
as proposed by DeSilva and Throckmorton (2010). Therefore, the results of this study 
caution against using the distal tibia sagittal angle to infer whether a fossil hominin had a 
longitudinal arch.  
 Chapter 3 of this dissertation included a study of the relationship between two 
aspects of calcaneal morphology and longitudinal arch height using a sample of lateral foot 
and ankle radiographs and magnetic resonance images (MRI). The cuboid facet angle of 
the calcaneus was found to have a significant positive correlation with two radiographic 
measures of longitudinal arch height, while the sustentaculum tali angle was not correlated 
with measures of arch height obtained from the MRIs. The morphology of the cuboid facet 
angle was further investigated using the archaeological sample of skeletonized human 
remains to assess whether the facet angle changed (increased) throughout the period of 
longitudinal arch development. The cuboid facet was found to be rounded in toddlers and 
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young children under the age of 6, though sample sizes were very small for these ages. The 
cuboid facet appears to flatten around age 6, however, which is consistent with the age at 
which the longitudinal arch and bipedal gait kinematics mature (Sutherland, 1997; Bertsch 
et al., 2004; Onodera et al., 2008; Samson et al., 2011; Müller et al., 2012). The cuboid 
facet was found to become more plantarly-inclined until approximately age 12, which is 
near the age that foot growth is complete (Scheuer & Black, 2004), and also the age at 
which some authors have argued that arch development is complete (Forriol and Pascual, 
1990; Waseda et al., 2014). The general finding from this study is that the cuboid facet 
angle of the calcaneus can reveal information about calcaneal position (i.e., inclination) 
within the foot, and could therefore be informative for reconstructing the hind foot and arch 
morphology of fossil hominins. Using data from this study, the longitudinal arch height of 
the Omo 33-74-896 (early Homo) specimen, the MH2 (Au. sediba) specimen, and OH-8 
(early Homo) was predicted. The fossil hominins represented by the Omo 33-74-896 (early 
Homo) and MH2 (Au. sediba) calcanei were estimated to have had low longitudinal arches, 
consistent with the results of a recent study of joint angles (Prang, 2015). The OH-8 
hominin was estimated to have had a well-developed arch similar to the mean arch height 
of modern humans, however, a finding that is inconsistent with some reconstructions of 
arch height in this specimen (e.g., Lisowski et al., 1974, 1976; Oxnard, 1972; Oxnard & 
Lisowski, 1980; Kidd et al., 1996; Prang, 2015), though consistent with others (e.g., Day 
& Napier, 1964; Day & Wood, 1968; Berillon, 2003; DeSilva et al., 2012). 
 Chapter 4 of this dissertation included a study of the relationship between two 
aspects of metatarsal morphology and longitudinal arch height using a sample of MRIs. 
The base diaphysis angle and torsion of MT II, MT III, and MT IV were not found to 
exhibit a significant relationship with arch height, calling into question the use of these 
metrics for assessing arch presence in fossil hominins. This study also investigated 
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ontogenetic changes in metatarsal torsion in the archaeological samples to determine 
whether torsion changed throughout the period of longitudinal arch development. Torsion 
did not change over this period, but was found to differ between the two archaeological 
populations. Metatarsal torsion was found to be highly variable within and between 
populations, especially torsion of MT II.  
 Finally, Chapter 5 of this dissertation included a study of the relationship between 
body mass, longitudinal arch height, foot shape, speed, and dynamic pressure variables of 
the midfoot region and over the total foot. Consistent with previous studies, individuals 
who have a low longitudinal arch and large body mass (adults) experience greater loading 
(measured as relative maximum force for their body weight) of the medial and lateral 
midfoot region, but not the total foot, irrespective of age and status of arch maturation. In 
other words, children for whom the arch was developing, children for whom the arch was 
developed, and adults who have a low arch experience greater force for their body weight 
in both the medial and lateral midfoot region than participants with higher arches. In 
addition, individuals with relatively wider feet also experience higher loads, and loading 
increases with locomotor speed. Given that an increase in speed was associated with 
elevated pressure in the lateral midfoot region, and pressure may reflect mobility, the 
effects of speed on midfoot mobility in humans should be considered in future studies. 
 
FUTURE DIRECTIONS 
Improve Study of Foot Bone Shape in Relation to Longitudinal Arch Height 
This dissertation was the first to test the relationship between foot bone shape and 
longitudinal arch height. However, there are a number of aspects of the study design that 
are worth improving and expanding upon to more thoroughly test these relationships. First, 
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this study utilized an existing sample of lateral foot and ankle radiographs that was taken 
from a podiatrist office, and thus a pathological population. While an attempt was made to 
minimize any instances of severe pathology, it is unclear whether the relationship between 
foot bone shape and arch height in this population is representative of the relationship in 
non-pathological humans. Therefore, actually recruiting subjects on which imaging could 
be performed would be a good first step towards improving the study design. The MRI 
sample used in this study was recruited in such a fashion, though the sample was small and 
not necessarily recruited with the intent of sampling a large range of variation in arch 
height. As the cost of medical imaging becomes more reduced, it would be ideal to perform 
MRIs to capture information about foot shape (as opposed to x-rays), given that more 
information about foot bone geometry can be extracted from three dimensional rendering 
of foot bones. 
Second, this study investigated the relationship between arch height and aspects of 
foot bone shape that had previously been identified as purported markers of longitudinal 
arch presence. Therefore, it is very likely that other aspects of foot bone morphology not 
included in this study could reveal information about arch height. For example, recent work 
by Holowka and colleagues (2017) has demonstrated significant motion between the 
cuboid and 5th metatarsal in humans, and it is possible that the morphology of these 
reciprocal surfaces may reflect range of motion. DeSilva and colleagues (2014) have 
already shown that humans who exhibit lateral midfoot dorsiflexion tend to have a more 
dorsally convex 4th metatarsal base, but curvature of the 5th metatarsal base and/or distal 
cuboid has not been quantified. Similarly, Berillon (2003) proposed that the morphology 
of the navicular bone may serve as a marker of arch presence given that humans and apes 
exhibit different morphology of the distal navicular articular surfaces. To date, no study 
 268 
has addressed whether humans exhibit variation in navicular bone morphology, or whether 
this element could be related to differences in longitudinal arch height.  
The ontogenetic components of this dissertation were really a first-look into how 
foot bone and ankle morphology changes throughout growth. Most studies that quantify 
ontogenetic changes have focused on long bone and/or cranio-dental development, often 
within the context of improving forensic techniques for age and stature estimation (e.g., 
Feldsman, 1992; Scheuer, 2002). With the exception of the ossification schedule, we know 
relatively little about how foot bone shape changes throughout ontogeny, and how these 
changes in shape may dictate changes in pedal loading. While recent work by Zeininger 
(2014) has examined how foot loading may lead to differences in trabecular architecture in 
young toddlers, we know surprisingly little about how gross foot bone morphology changes 
with age.  
Human variation was a common theme throughout this dissertation, and in a 
number of instances variation was detected where it was not expected. For example, 
metatarsal torsion was found to differ between the two archaeological samples, and also 
between the archaeological samples and the contemporary MRI sample. Previous studies 
of metatarsal torsion have also noted the presence of human variation in this trait (Drapeau 
& Harmon, 2013), indicating that there is more variation among humans than has 
previously been recognized. When considering foot bone morphology, the presence of 
population-levels of variation ultimately leads to questions about the effects of footwear 
use and activity on pedal form. Given that footwear use is a relatively recent invention 
(Trinkaus, 2005), understanding how footwear may affect foot bone shape is crucial for 
setting up our expectations of foot form for fossil hominins. With the introduction of 
footwear, authors have noted the presence of secular change in the angle between the first 
and second ray (Funakoshi, 1988) and an increase in the presence of bony lesions on the 
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foot (Zipfel & Berger, 2007). Future studies should further examine variation in foot bone 
shape between unshod and shot populations, in addition to differences in gross foot 
morphology and function. 
Finally, inferring foot function from fossil foot bones requires a stronger 
understanding of whether variation in foot bone shape can be linked to differences in foot 
loading. The recent work by DeSilva and colleagues (2015) serves as a useful example of 
how these links can be investigated. Given that this dissertation identified the cuboid facet 
angle of the calcaneus and metatarsal torsion as markers of longitudinal arch height, the 
next logical step is to test whether humans who exhibit variation in these characters exhibit 
any systematic differences in foot loading. Whether variation in foot bone shape is linked 
to variation in foot loading is worth knowing, as either answer—yes, or no—will be useful 
for informing what types of conclusions can be drawn about hominin bipedalism from 
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